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Abstract 
 
Adults with Down syndrome (DS) are at exceptionally high risk of developing 
early-onset dementia due to near universal Alzheimer’s disease (AD) 
neuropathology from age 35. Executive functioning (EF) decline may be an 
early dementia marker in DS. However, a paucity of functional neuroimaging 
in DS research limits our understanding of brain function and its relationship 
with EF performance at all ages. This knowledge gap may reflect difficulties 
administering neuroimaging protocols using restrictive modalities such as 
functional magnetic resonance imaging (fMRI). Functional near infrared 
spectroscopy (fNIRS) is an emerging cortical neuroimaging modality that is 
less restrictive than fMRI, thus may offer new opportunities for neuroimaging 
in people with DS. 
 
Four studies examined the feasibility of using fNIRS to measure EF-related 
frontal cortical activity in adults with DS. In study 1, 5 adults with DS and 5 
carers discussed fNIRS alongside facilitators and barriers to neuroimaging 
research participation. Studies 2 (n=12 adults without DS) and 3 (n=9 adults 
with DS) assessed initial feasibility with four EF tasks: a go / no-go (GNG), a 
verbal fluency (VFT), a dimensional change card sort (DCCS) and a novel 
computerised picture-Stroop task. Study 4 examined task performance and 
haemodynamic responses in the GNG, VFT and Stroop tasks in 46 adults 
with DS, aged 18-59.  
 
94% of participants with DS completed an fNIRS scan. The GNG, VFT and 
Stroop were widely accessible, with the latter two tasks showing consistent 
haemodynamic responses across studies. Peak oxy-haemoglobin 
concentration during Stroop interference in left inferior frontal / superior 
temporal regions decreased significantly with increasing age, and this task 
showed potential sensitivity to performance decline in early dementia stages.  

 
fNIRS is an extremely well-tolerated neuroimaging technique, which when 
combined with sensitive EF measures, can be used to examine age-related 
changes in brain function in people with DS.  
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Impact Statement 
 
Down syndrome (DS), caused by triplication of Chromosome 21, is now 
considered to be the greatest genetic risk factor for the development of early-
onset Alzheimer’s disease (AD).  All individuals with DS with full trisomy 21 
can be expected to develop the characteristic neuropathology of AD by their 
mid-thirties, and in excess of 80% of adults with DS over the age of 65 can 
be expected to develop associated dementia.  
 
People with DS are therefore an exceptionally important population in which 
to study AD, however, historically, this group of people have been largely 
excluded from medical and neuroimaging research. Ethical concerns 
regarding the inclusion of individuals who may not have capacity to consent 
for themselves, difficulties administering challenging study protocols and a 
lack of suitable outcome measures for tracking decline in cognitive abilities 
in a population with pre-existing intellectual disability have each likely played 
a role in their exclusion.  
 
However, excluding people with DS can have equally damaging effects. In 
the absence of sound evidence, policies and practice are developed from 
irrelevant or anecdotal information. Individuals are further excluded from 
areas of society they may wish to engage with, and the population as a whole 
are denied benefits associated with the development of new knowledge and 
treatments.  
 
This thesis examines ageing in DS in relation to executive functioning: a 
collection of higher-level cognitive processes thought to show early AD-
related decline in DS. Potential areas of impact are outlined below.  
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Knowledge 
Results from an initial qualitative study show that some individuals with DS 
are keen to participate in neuroimaging research, but have lacked 
opportunities to do so. fNIRS was extremely well-tolerated in adults with DS, 
providing a foundation upon which to develop new programmes of 
neuroimaging research in this, and other, populations.  
 
fNIRS offers new opportunities for measuring cortical function during multiple 
cognitive processes, in different populations and age groups. In relation to 
AD in those with and without DS, fNIRS could be used to monitor early 
decline before behavioural differences are observed, or monitor treatment 
response in clinical trials.  

 
Research tools 
A novel computerised picture-based Stroop task, which examines inhibition 
and conflict resolution, was developed for this thesis, based on existing 
paper-based versions such as the cat / dog task (Ball, Holland, Treppner, 
Watson, & Huppert, 2008). More than 90% of participants were able to 
perform the task, and accuracy in Stroop interference trials showed potential 
sensitivity to decline in the early stages of dementia in older adults with DS. 
Haemodynamic responses to Stroop interference trials showed clear age 
effects in the left inferior frontal cortex, showing that fNIRS can be used with 
this task to track changes in brain function.  
 
This task could be used to measure EF in other populations, and to explore 
developmental changes in frontal cortical function throughout the lifespan. 
Further research should explore the sensitivity of haemodynamic responses 
to changes in brain function related to AD.  
 
  



 
   
 

 9 

Acknowledgements  
 
My PhD years have been rich in experience, and I feel extremely fortunate 
to have crossed paths with so many brilliant brains along the way. Firstly, 
thank you to my supervisors, André and Carla, for offering me the support 
and freedom to develop my doctoral research while employed full-time with 
the London Down Syndrome Consortium. Juggling my PhD around separate 
work allowed me to learn much more than I would have by working on one 
project alone. Individually, I’m grateful to Andre for setting a precedent of 
collaboration, showing that much more can be achieved when working on 
complex problems from multiple angles. Carla’s focus, attention to detail and 
careful thought have been of great benefit throughout. I’m thankful for the 
many conversations that have helped shape this work.  
 
As an fNIRS novice in a clinically-focussed research group, I’ve benefited 
enormously from the support offered by collaborators in UCL’s Biomedical 
Optics Research Lab. I greatly appreciate the time and technical knowledge 
shared by Clare Elwell and Rob Cooper, and the equipment support from 
Nick Everdell and the Gowerlabs team. The fNIRS community is an 
impressive example of a field where physicists, engineers, clinicians and 
cognitive neuroscientists work in constant collaboration to move forwards. 
Many a chat over coffee has helped me develop my work and understanding. 
Particular thanks to Paola Pinti, Sarah Lloyd-Fox, Laura Pirazzoli, Laura 
Kischkel and Anna Blasi.  
 
My colleagues within LonDownS and UCL’s Division of Psychiatry have been 
a wonderful source of inspiration and conversation. Special mentions go to 
Dr Sarah Hamburg, with whom I’ve travelled the breadth of the UK in pursuit 
of data and blood and a decent place for dinner, and to Dr Sarah Pape, 
whose eclectic chats, surprise gifts and no faff approach have made the last 
few months of my PhD much brighter.  
 



 10 

I’m grateful to my mentor, Dr Vasiliki Orgeta, for being a constant source of 
encouragement, and to Annette Karmiloff-Smith, who offered helpful insight 
for my work, and good red wine for the table. 
 
Outside of my academic bubble, I’m grateful to the many friends who have 
climbed and walked and danced and dined by my side, to keep my body as 
well-nourished as my brain. To my parents Cathy and Pete, for good roots, 
my sister Katie for bad memes, and my brothers Alex and Steven for the best 
rubber-faced giggles. 
 
Lastly, many thanks to all the people who participated in these studies. I hope 
we learn lots more together in the future.  
  
This research would not have been possible without financial support. 
Thanks to Clare Elwell and Zuzana Walker, who in addition to my 
supervisors, supported me to write successful grant applications. All funding 
sources are listed below.  

 
Research Grants: 
Jan 2015 R. Hithersay 

£3000 UCLH Biomedical Research Centre / The Wellcome Trust 
“Talking about using functional near infrared spectroscopy with 
adults with Down syndrome: resolving issues of feasibility, 
acceptability and accessibility”. 

Nov 2015 A. Strydom, R. Hithersay, C. Startin, Z. Walker and C. Elwell  
£48,495 Baily Thomas Charitable Fund  
“Using fNIRS to identify cognitive decline in adults with Down 
syndrome: a feasibility study”.  

Feb 2016 A. Strydom, R. Hithersay, C. Startin, Z. Walker and C. Elwell 
€38,700 Jerome Lejeune Foundation  
“Using fNIRS to identify ageing-related cognitive changes in adults 
with Trisomy 21: a feasibility study”. 

 
Travel Grants: 
Sep 2018 £888.00 Guarantors of Brain  

Society for fNIRS Conference, Tokyo, Japan 
 
Sep 2018 £888.00 UCL School of Life and Medical Sciences  

Society for fNIRS Conference, Tokyo, Japan 
 
Sep 2016 £446.15 UCL Division of Psychiatry  

Society for the Study of Behavioural Phenotypes Conference, 
Siena, Italy 

 
Jun 2015 €500 Trisomy 21 Research Society Trisomy 21 Research Society 

conference, Paris 



 
   
 

 11 

Declaration of 
contributions 

 
The original idea to examine the feasibility of neuroimaging using functional 
near infrared spectroscopy (fNIRS) in adults with Down syndrome was my 
own, after hearing about the use of fNIRS for neurodevelopmental studies 
ran by Prof Clare Elwell and Dr Sarah Lloyd-Fox.  

 
I designed the experiments in discussion with my supervisors, Prof Clare 
Elwell and Dr Robert J. Cooper. A go / no-go task (GNG) was modified from 
an existing Matlab script used by Kate Hughes, formerly at Birkbeck, 
University of London. Trial timings and fNIRS data time stamps for all tasks, 
plus stimulus presentation for the Stroop task, were controlled by custom 
Matlab scripts. Novel programmes and modifications to the GNG were 
written in Matlab version R2015b by myself, with advice sought from Dr 
Robert J. Cooper and Dr James Alvarez while learning. 

 
The optode array used in all studies was designed by Dr Robert J. Cooper, 
and prepared for use by Gowerlabs, based on a summary of key regions of 
interest I had sent from previous studies. The adjustable shoulder strap used 
to secure the Easycap was made by myself.  
 
I collected, processed and analysed all data myself, with analysis support 
from Dr Robert J. Cooper for the fNIRS data. I attended an fNIRS training 
course at Birkbeck, University of London, and also received direct training 
and support to develop the initial pilot studies from the Gowerlabs team, and 
members of the Biomedical Optics Research Lab at UCL.  
 
Qualitative studies were supported by Dr Carla Startin, Dr Sarah Hamburg 
and Erin Rodger, a LonDownS placement student. Erin gained additional 
work experience by transcribing some sections of the qualitative data, 
supervised by myself. Laura Pirazzoli supported the qualitative study by 
giving an accessible presentation about her own fNIRS work with infants, 
and supporting adults with DS to engage with a staged fNIRS experiment.   



 12 

  



 
   
 

 13 

Table of contents 
 
i. Glossary _______________________________________________ 21 
ii. Overview _______________________________________________ 23 
1 Down syndrome _________________________________________ 27 

1.1 History and Genetics __________________________________________ 29 
1.2 Epidemiology ________________________________________________ 31 
1.3 Pre-dementia neuroanatomical phenotype ________________________ 32 
1.4 Cognitive Phenotype __________________________________________ 38 

2 Executive functioning ____________________________________ 47 
2.1 Introduction __________________________________________________ 49 
2.2 The structure of executive function ______________________________ 50 
2.3 Neural correlates of executive functioning ________________________ 54 
2.4 Executive functioning in Down syndrome _________________________ 59 

3 Alzheimer’s disease and Down syndrome ____________________ 63 
3.1 Introduction __________________________________________________ 65 
3.2 Epidemiology of dementia due to Alzheimer’s disease ______________ 66 
3.3 Neuropathology and the amyloid hypothesis ______________________ 69 
3.4 AD-related changes in neuroanatomy and function _________________ 73 
3.5 Cognitive changes ____________________________________________ 78 
3.6 Chapter summary _____________________________________________ 85 

4 Functional near infrared spectroscopy _______________________ 87 
4.1 Introduction __________________________________________________ 89 
4.2 fNIRS: Basic Principles ________________________________________ 90 
4.3 fNIRS: Turning light intensity into a proxy measure of neural activation 94 
4.4 fNIRS: Advantages and challenges _______________________________ 99 
4.5 fNIRS: Previous applications ___________________________________ 104 
4.6 Chapter Summary ____________________________________________ 115 
4.7 Research Aims ______________________________________________ 116 

5 Study 1: Involving people with Down syndrome in neuroimaging 
research __________________________________________________ 119 

5.1 Introduction _________________________________________________ 121 
5.2 Background _________________________________________________ 122 
5.3 Methods ____________________________________________________ 125 
5.4 Results _____________________________________________________ 130 
5.5 Discussion __________________________________________________ 141 

6 Task development ______________________________________ 143 
6.1 Introduction _________________________________________________ 145 
6.2 General Task Presentation _____________________________________ 145 
6.3 Go/No-Go Task ______________________________________________ 146 
6.4 Semantic Verbal Fluency ______________________________________ 150 
6.5 Dimensional Change Card Sort _________________________________ 152 
6.6 Verbal Picture Stroop _________________________________________ 157 



 14 

7 Methods ______________________________________________ 163 
7.1 Experimental design __________________________________________ 166 
7.2 Participants _________________________________________________ 166 
7.3 Ethical approval _____________________________________________ 167 
7.4 Capacity assessment and consent ______________________________ 167 
7.5 Measures ___________________________________________________ 168 
7.6 fNIRS Equipment_____________________________________________ 170 
7.7 fNIRS data processing ________________________________________ 176 
7.8 Data Analysis _______________________________________________ 178 

8 Study 2: Adults without Down syndrome pilot ________________ 181 
8.1 Methods ____________________________________________________ 183 
8.2 Results _____________________________________________________ 184 
8.3 Go / No-Go Task: Behavioural results ___________________________ 186 
8.4 Go / No-Go Task: fNIRS Results ________________________________ 187 
8.5 Verbal Fluency Task: Behavioural Results ________________________ 199 
8.6 Verbal Fluency Task: fNIRS Results _____________________________ 200 
8.7 Dimensional change card sort: behavioural results ________________ 214 
8.8 Dimensional Change Card Sort: fNIRS Results ____________________ 215 
8.9 Picture Stroop Task: Behavioural Results ________________________ 229 
8.10 Picture Stroop Task: fNIRS Results _____________________________ 230 
8.11 Discussion __________________________________________________ 241 

9 Study 3: Adults with Down syndrome pilot ___________________ 247 
9.1 Methods ____________________________________________________ 249 
9.2 Results _____________________________________________________ 251 
9.3 Go / No-Go Task: Behavioural Results ___________________________ 254 
9.4 Go / No-Go Task: fNIRS Results ________________________________ 255 
9.5 Verbal Fluency Task: Behavioural Results ________________________ 265 
9.6 Verbal Fluency Task: fNIRS Results _____________________________ 267 
9.7 Dimensional Change Card Sort _________________________________ 273 
9.8 Picture Stroop Task: Behavioural Results ________________________ 275 
9.9 Picture Stroop Task: fNIRS Results _____________________________ 276 
9.10 Spatial Span Task ____________________________________________ 286 
9.11 Discussion __________________________________________________ 288 

10 Study 4: Ageing and cognitive decline in Down syndrome ______ 297 
10.1 Introduction _________________________________________________ 299 
10.2 Methods ____________________________________________________ 300 
10.3 Results _____________________________________________________ 302 
10.4 Go / No-Go Task Behavioural Results ___________________________ 315 
10.5 Go / No-Go Task: fNIRS Results ________________________________ 317 
10.6 Verbal Fluency Task: Behavioural Results ________________________ 337 
10.7 Verbal Fluency Task: fNIRS Results _____________________________ 339 
10.8 Picture Stroop Task: Behavioural Results ________________________ 365 
10.9 Picture Stroop Task: fNIRS Results _____________________________ 368 

11 Discussion ____________________________________________ 395 
11.1 Primary Aim: Feasibility of using fNIRS in people with Down syndrome 399 
11.2 Secondary aims _____________________________________________ 401 



 
   
 

 15 

11.3 Go / No – Go Task ____________________________________________ 402 
11.4 Verbal Fluency Task __________________________________________ 405 
11.5 Dimensional change card sort __________________________________ 410 
11.6 Picture-based Stroop task _____________________________________ 411 
11.7 Executive functioning tasks summary ___________________________ 414 
11.8 Ageing _____________________________________________________ 415 
11.9 Limitations __________________________________________________ 418 
11.10 Conclusions ________________________________________________ 420 
11.11 Future Directions ____________________________________________ 421 

12 References ____________________________________________ 423 
13 Appendices ____________________________________________ 449 
I. Qualitative Study Information Sheet for Participants with DS ____ 450 
II. Qualitative Study Information Sheet for Carers _______________ 459 
III. Qualitative Study Carer Consent Form ______________________ 463 
IV. Qualitative Study Participant Consent Form _________________ 464 
V. Focus Group Schedules__________________________________ 468 
VI. fNIRS Information Sheet: BORL ___________________________ 474 
VII. fNIRS Consent Form: BORL_______________________________ 475 
VIII. fNIRS Easy Read Information Sheet ________________________ 476 
IX. fNIRS Consultee Information Sheet _________________________ 487 
X. fNIRS Easy Read Consent Form ___________________________ 491 
XI. fNIRS Consultee Consent Form ____________________________ 496 

  



 16 

Figures 
 
Figure 1: Absorption spectra of various chromophores ........................................ 93 
Figure 2: 'Banana' curve of light passing between a source and detector ............ 95 
Figure 3: Classic haemodynamic response function. ........................................... 97 
Figure 4: Verbal instructions for the go / no-go task .......................................... 147 
Figure 5: Go / No-Go Task Sequence ............................................................... 149 
Figure 6: Instructions given for the verbal fluency task ...................................... 150 
Figure 7: Verbal Fluency Task Sequence.......................................................... 151 
Figure 8: DCCS screening task instructions ...................................................... 153 
Figure 9: DCCS task instructions ...................................................................... 154 
Figure 10: Dimensional change card sort task sequence ................................... 155 
Figure 11: Image pairs used for the dimensional change card sort .................... 156 
Figure 12: Picture pairs used in the computerised picture Stroop task ............... 158 
Figure 13: Paper Stroop task instructions.......................................................... 159 
Figure 14: Computerised Stroop task instructions ............................................. 160 
Figure 15: Stroop task sequence ...................................................................... 161 
Figure 16: NTS Optical Imaging System ........................................................... 170 
Figure 17: Optode array configuration, showing source, detector and channel 
numbers ........................................................................................................... 171 
Figure 18: Sensitivity of Array ........................................................................... 172 
Figure 19: Fitting of the fNIRS array .................................................................. 173 
Figure 20: Fibre holders provided with the NTS Optical Imaging System 
(Gowerlabs LTD) .............................................................................................. 174 
Figure 21: Example of a section of raw data from channel 27 and channel 1 ..... 185 
Figure 22: Proportion of participants with good quality data in each channel (N=7)
 ........................................................................................................................ 187 
Figure 23: Example OD data showing motion artefact correction ....................... 189 
Figure 24: OD example data after bandpass filtering ......................................... 189 
Figure 25: Group HRFs during go trials ............................................................. 191 
Figure 26: Group HRFs during no-go trials ........................................................ 192 
Figure 27: Mean molar concentration changes during go trials for HbO2 (top) and 
HbR (bottom) .................................................................................................... 193 
Figure 28: Mean molar concentration changes during no-go trials for HbO2 (top) 
and HbR (bottom) ............................................................................................. 194 
Figure 29: Channels showing significant differences from baseline during the GNG 
task .................................................................................................................. 195 
Figure 30: Full time course of the group HRF for active channels during the GNG 
task .................................................................................................................. 197 
Figure 31: Proportion of participants with good quality data for each channel during 
the VFT ............................................................................................................ 200 
Figure 32: Example OD data from VFT showing effect of wavelet filter .............. 202 
Figure 33: Example OD data from VFT following spline interpolation and wavelet 
filtering ............................................................................................................. 202 
Figure 34: Group HRFs during the verbal fluency condition ............................... 204 
Figure 35: Group HRFs during the days of the week condition .......................... 205 
Figure 36: Group HRFs during the 'house' repetition condition .......................... 206 
Figure 37: Mean molar concentration changes during verbal fluency trials for HbO2 
(top) and HbR (bottom) ..................................................................................... 207 
Figure 38: Mean molar concentration changes during 'days of the week' trials for 
HbO2 (top) and HbR (bottom) ........................................................................... 208 
Figure 39: Mean concentration changes during 'house' trials for HbO2 (top) and 
HbR (bottom) .................................................................................................... 209 
Figure 40: Channels showing differences in HRF during each VFT condition versus 
baseline............................................................................................................ 210 



 
   
 

 17 

Figure 41: Full time course of the group HRF for active channels during the verbal 
fluency task ...................................................................................................... 212 
Figure 42: Proportion of participants with good quality data at each channel during 
the DCCS (N=5) ............................................................................................... 215 
Figure 43: Spike-style motion artefact with motion correction ............................ 217 
Figure 44: Group HRFs during the control sorting condition .............................. 219 
Figure 45: Group HRFs during the pre-switch condition of the DCCS ................ 220 
Figure 46: Group HRFs during the post-switch condition of the DCCS .............. 221 
Figure 47: Mean molar concentration changes during control sorting for HbO2 (top) 
and HbR (bottom) ............................................................................................. 222 
Figure 48: Mean molar concentration changes during the pre-switch sort condition 
for HbO2 (top) and HbR (bottom) ...................................................................... 223 
Figure 49: Mean molar concentration changes during the post-switch sorting 
condition for HbO2 (top) and HbR (bottom)........................................................ 224 
Figure 50: Channels showing significant differences in chromophore concentration 
from baseline during the DCCS task ................................................................. 225 
Figure 51: Group HRFs for active channels during the DCCS ........................... 227 
Figure 52: Proportion of participants with good quality in each channel (N=6) ... 230 
Figure 53: Example OD data for the Stroop task showing motion correction effects
 ........................................................................................................................ 231 
Figure 54: Group-averaged HRFs for each channel during congruent trials ....... 233 
Figure 55: Group-averaged HRFs for each channel during incongruent trials .... 234 
Figure 56: Mean molar concentration changes during congruent trials for HbO2 
(top) and HbR (bottom) ..................................................................................... 235 
Figure 57: Mean molar concentration changes during incongruent trials for HbO2 
(top) and HbR (bottom) ..................................................................................... 236 
Figure 58: Channels showing significant differences in chromophore concentration 
from baseline in the Stroop task ........................................................................ 237 
Figure 59: Group HRFs for selected active channels during the Stroop task ...... 239 
Figure 60: Individual optode placement (N=7) ................................................... 253 
Figure 61: Mean geometric error (mm) of placement for each optode (N=7) ...... 253 
Figure 62: Proportion of participants with good quality data at each channel ..... 255 
Figure 63: Group HRFs during go trials ............................................................. 257 
Figure 64: Group HRFs during no-go trials ........................................................ 258 
Figure 65: Mean molar concentrations changes during go trials for HbO2 (top) an 
HbR (bottom) .................................................................................................... 259 
Figure 66: Mean molar concentration changes during no-go trials for HbO2 (top) 
and HbR (bottom) ............................................................................................. 260 
Figure 67: Channels showing significant changes from baseline during the go / no-
go task ............................................................................................................. 261 
Figure 68: Full time course of the group HRF for active channels during the GNG 
task .................................................................................................................. 263 
Figure 69: Proportion of participants with good quality data at each channel ..... 267 
Figure 70: Group HRFs during the verbal fluency condition ............................... 269 
Figure 71: Group HRFs during the days of the week condition .......................... 270 
Figure 72: Group HRFs during the house repetition condition ........................... 271 
Figure 73: Proportion of participants surviving data quality checks for each channel 
for the Stroop task ............................................................................................ 276 
Figure 74: Group HRFs during congruent trials ................................................. 278 
Figure 75: Group HRFs during incongruent trials .............................................. 279 
Figure 76: Mean molar concentration changes during congruent trials for HbO2 
(top) and HbR (bottom) ..................................................................................... 280 
Figure 77: Mean molar concentration changes during incongruent trials for HbO2 
(top) and HbR (bottom) ..................................................................................... 281 
Figure 78: Channels showing significant differences in chromophore concentration 
from baseline during the Stroop task ................................................................. 282 



 18 

Figure 79: Time course of selected channels showing activation during incongruent 
trials ................................................................................................................. 283 
Figure 80: Individual HRFs for channel 16 during incongruent trials .................. 285 
Figure 81: Regions of interest for the go / no-go task ........................................ 294 
Figure 82: Regions of interest for the verbal fluency task .................................. 295 
Figure 83: Regions of interest for the Stroop task .............................................. 296 
Figure 84: Individual optode placement for younger (top) and older (bottom) groups
 ........................................................................................................................ 305 
Figure 85: Mean geometric error (mm) of optode placement for younger (top) and 
older (bottom) adults with DS ............................................................................ 306 
Figure 86: Proportion of all participants with good quality data at each channel for 
the GNG task ................................................................................................... 317 
Figure 87: Example HRF for no-go trials in channel 27 from one participant ...... 319 
Figure 88: Younger adults group HRFs during go trials ..................................... 322 
Figure 89: Younger adults group HRF during no-go trials .................................. 323 
Figure 90: Mean molar concentration changes in young adults during go trials for 
HbO2 (top) and HbR (bottom) ........................................................................... 324 
Figure 91: Mean molar concentration changes in young adults during no-go trials 
for HbO2 (top) and HbR (bottom) ...................................................................... 325 
Figure 92: Younger adults channels showing a significant difference in 
chromophore concentration from baseline during the GNG task ........................ 326 
Figure 93: Older adults group HRFs during go trials .......................................... 330 
Figure 94: Older adults group HRFs during no-go trials ..................................... 331 
Figure 95: Mean molar concentration changes for older adults during go trials for 
HbO2 (top) and HbR (bottom) ............................................................................ 332 
Figure 96: Mean molar concentration changes in older adults during no-go trials for 
HbO2 (top) and HbR (bottom) ........................................................................... 333 
Figure 97: Older adults channels showing a significant difference in chromophore 
concentration from baseline during the GNG task ............................................. 334 
Figure 98: Proportion of participants with good quality data in each channel for the 
VFT task........................................................................................................... 339 
Figure 99: Younger adults group HRFs during verbal fluency ............................ 342 
Figure 100: Younger adults group HRFS during the days of the week condition 343 
Figure 101: Younger adults group HRFs during house repetitions ..................... 344 
Figure 102: Mean molar concentration changes in younger adults during the verbal 
fluency condition for HbO2 (top) and HbR (bottom)............................................ 345 
Figure 103: Mean molar concentration changes in younger adults during the days 
of the week condition for HbO2 (top) and HbR (bottom) ..................................... 346 
Figure 104: Mean molar concentration changes in younger adults during the house 
repetition condition for HbO2 (top) and HbR (bottom) ......................................... 347 
Figure 105: Channels showing a significant difference in chromophore 
concentration during the verbal fluency task: younger adults ............................. 348 
Figure 106: Older adults group HRFs during the verbal fluency condition .......... 352 
Figure 107: Older adults group HRFs during the days of the week condition ..... 353 
Figure 108: Older adults group HRFs during house repetition ........................... 354 
Figure 109: Mean molar concentration changes in older adults during the verbal 
fluency condition for HbO2 (top) and HbR (bottom)............................................ 355 
Figure 110: Mean molar concentration changes in older adult during the days of 
the week condition for HbO2 (top) and HbR (bottom) ......................................... 356 
Figure 111: Mean molar concentration changes in older adults during the house 
repetition condition for HbO2 (top) and HbR (bottom) ......................................... 357 
Figure 112: Older adults channels showing a significant difference in chromophore 
concentration from baseline during the VFT ...................................................... 358 
Figure 113: Regions of Interest for the Verbal Fluency Task ............................. 361 
Figure 114: Mean HRFs for selected regions of interest in the verbal fluency task: 
younger adults .................................................................................................. 362 
Figure 115: Mean HRFs for selected regions of interest in the verbal fluency task: 
older adults....................................................................................................... 363 



 
   
 

 19 

Figure 116: Proportion of participants with good quality data at each channel for 
the Stroop task (N=36) ..................................................................................... 368 
Figure 117: Younger adult group HRFs during congruent trials ......................... 371 
Figure 118: Younger group HRFs during incongruent trials ............................... 372 
Figure 119: Mean molar concentration changes in younger adults during congruent 
trials for HbO2 (top) and HbR (bottom) .............................................................. 373 
Figure 120: Mean molar concentration changes in younger adults during 
incongruent trials for HbO2 (top) and HbR (bottom) ........................................... 374 
Figure 121: Younger adults: channels showing a significant difference in 
chromophore concentration from baseline during the Stroop task ..................... 375 
Figure 122: Older adult group HRFs during congruent trials .............................. 379 
Figure 123: Older adult group HRFs during the incongruent trials ..................... 380 
Figure 124: Mean molar concentration changes in older adults during congruent 
trials for HbO2 (top) and HbR (bottom) ............................................................. 381 
Figure 125: Mean molar concentration changes in older adults during incongruent 
trials for HbO2 (top) and HbR (bottom) .............................................................. 382 
Figure 126: Older adults: channels showing significant differences in chromophore 
concentration from baseline during the Stroop task ........................................... 383 
Figure 127: Regions of interest for the Stroop task ............................................ 386 
Figure 128: Mean HRFs across selected regions of interest in the Stroop task 
(younger adults) ............................................................................................... 387 
Figure 129: Mean HRFs across selected regions of interest in the Stroop task 
(older adults) .................................................................................................... 388 
Figure 130: Scatter plot of peak HbO2 concentration 10-20s post-block onset in a 
left inferior frontal ROI during Stroop trials versus age ...................................... 390 
Figure 131: Peak HRF for HbO2 predictors ........................................................ 392 

 
  



 20 

Tables  
 
 
Table 1: Barriers to fNIRS research participation............................................... 139 
Table 2: Common Processing Stream............................................................... 177 
Table 3: Typically Developing Adult Participant Details ..................................... 184 
Table 4: Group head measurements for fNIRS cap fittings (centimetres) ........... 184 
Table 5: Go/ No-Go Reponses.......................................................................... 186 
Table 6: Go / no-go task channel-wise t-tests.................................................... 196 
Table 7: Verbal Fluency Task Behavioural Responses ...................................... 199 
Table 8: VFT channel-wise t-tests ..................................................................... 211 
Table 9: Dimensional Change Card Sort Behavioural Results ........................... 214 
Table 10: DCCS channel-wise t-tests................................................................ 226 
Table 11: Stroop Behavioural Responses ......................................................... 229 
Table 12: Stroop task channel-wise t-tests ........................................................ 238 
Table 13: Issues arising during the first pilot study ............................................ 246 
Table 14: DS Pilot Study Assessment Schedule ............................................... 250 
Table 15: DS Pilot Study Group Demographics ................................................. 251 
Table 16: Task Completion Rates ..................................................................... 252 
Table 17: Group head measurements for fNIRS cap fitting (in centimetres) ....... 252 
Table 18: DS pilot go / no-go responses ........................................................... 254 
Table 19: GNG task channel-wise t-tests .......................................................... 262 
Table 20: DS pilot study verbal fluency task behavioural results ........................ 265 
Table 21: Verbal fluency scores by category and block ..................................... 265 
Table 22: DCCS Behavioural Results for DS Participants ................................. 273 
Table 23: DS Picture Stroop Behavioural Results ............................................. 275 
Table 24: Stroop task channel-wise t-tests ........................................................ 283 
Table 25: Spatial span results ........................................................................... 287 
Table 26: Time-windows of interest for each task .............................................. 292 
Table 27: Regions of interest for each task ....................................................... 293 
Table 28: Assessment schedules...................................................................... 301 
Table 29: Group comparisons for older adult completers with non-completers... 303 
Table 30: Participant demographics .................................................................. 303 
Table 31: Group head measurements for fNIRS cap fittings (in centimetres) ..... 304 
Table 32: Basic and independent living skills in the older adults ........................ 309 
Table 33: Areas of cognitive and functional decline ........................................... 310 
Table 34: Task Completion Rates by Age Group............................................... 312 
Table 35: Task correlations ............................................................................... 314 
Table 36: Go / no-go task behavioural responses by group ............................... 316 
Table 37: fNIRS data group comparisons for the GNG ...................................... 318 
Table 38: Younger adults T-test results for the GNG task .................................. 327 
Table 39: Go/ no-go channel-wise t-tests for older adults .................................. 335 
Table 40: Mean words produced by condition for each age group ..................... 338 
Table 41: Differences between participants with data in the final group and data 
rejected ............................................................................................................ 340 
Table 42: VFT channel-wise t-tests for younger adults ...................................... 349 
Table 43: VFT channel-wise t-tests for older adults ........................................... 359 
Table 44: Stroop tasks behavioural responses by group ................................... 366 
Table 45: fNIRS group data differences ............................................................ 369 
Table 46: Stroop task channel-wise t-test results for younger adults .................. 376 
Table 47: Stroop task channel-wise t-tests for older adults ................................ 384 

 



 
   
 

 21 

i. Glossary 
 
AD  Alzheimer’s disease 
ADAD  Autosomal dominant Alzheimer’s disease 
ADHD  Attention deficit hyperactivity disorder  
DCCS  Dimensional change card sort task 
DS  Down syndrome 
DS/AD  Alzheimer’s disease in Down syndrome 
EF  Executive functioning 
EEG  Electroencephalogram 
fNIRS  Functional near infrared spectroscopy 
GNG  Go / no-go task 
HbO2   Oxygenated haemoglobin 
HbR  Deoxygenated haemoglobin 
HbT  Total haemoglobin 
ID  Intellectual disability 
LonDownS London Down Syndrome Consortium 
(f/s)MRI (Functional / structural) magnetic resonance imaging 
NFT  Neurofibrillary tangle 
PET  Positron emission tomography 
PFC  Prefrontal cortex 
Pre-SMA Pre-supplementary motor area  
UCL   University College London 
VFT  Verbal fluency task 
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ii. Overview 
 
This thesis examines the feasibility of using functional near infrared 
spectroscopy (fNIRS) to measure frontal cortical activation in adults with 
Down syndrome (DS), while performing tasks of executive functioning (EF).  
 
DS is considered the greatest genetic risk factor for the development of early-
onset Alzheimer’s disease (AD), with cumulative dementia risk as high as 
80% for those aged over 65. Previous research has suggested that changes 
in EF may provide some of the earliest markers of cognitive decline in this 
population. However, functional neuroimaging studies that have examined 
the neural correlates of EF in DS are scarce. As such, background data are 
lacking that would enable exploration of these as early markers of decline in 
older people with DS. 
 
fNIRS is a functional neuroimaging modality that can provide temporal and 
spatial information about activity in the cortex of the brain, in a much less 
restrictive environment than that required for other functional neuroimaging 
modalities, such as functional magnetic resonance imaging (fMRI) or 
positron emission tomography (PET). fNIRS is increasingly being used in 
infant and clinical neuroimaging studies, however, the feasibility of using this 
technology to measure cortical function in ageing adults with DS has yet to 
be assessed. If well tolerated, fNIRS holds the potential for engaging many 
more people with DS in functional neuroimaging research, providing new 
opportunities to improve our understanding of the relationship between brain 
and behaviour in a population at extreme risk of AD.  
 
This research lays the necessary foundations for more in-depth exploration 
of the roles of cortical function and EF decline in AD in adults with DS.   
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Chapter 1 provides an overview of DS, starting with the history of the genetic 
discoveries that helped us understand the syndrome. Current epidemiology 
will be presented, followed by a brief review of the neuroanatomical and 
cognitive profiles associated with DS, in the years prior to the influence of 
AD neuropathology. Chapter 2 will offer a more detailed review of EF in DS, 
focussing on the EF phenotype prior to evidence of AD-related decline.  
 
Chapter 3 introduces AD. This chapter will present epidemiological data 
about the disease, look at the underlying neuropathology, and explore the 
progression from the advent of these neuropathological changes through to 
the onset of clinically observable changes in cognitive function. In each 
section, data from populations with and without DS will be compared.  
 
Chapter 4 focusses on fNIRS. Basic principles of the technology will be 
outlined, and its advantages and challenges in relation to other neuroimaging 
modalities will be discussed. Previous studies that have examined EF using 
fNIRS in typically developing and clinical populations will be reviewed, with 
the aim of identifying robust tasks that may be suitable for the DS population.  

 
Chapter 5 considers research participation in populations with intellectual 
disability (ID), including people with DS. Explanations for the lack of 
neuroimaging studies that focus on ID populations will be explored, both from 
prior published research, and from a series of focus group undertaken with 
adults with DS and their carers. In this instance, discussions were used to 
guide the development of later study protocols, and the work presented here 
will focus on themes derived from these discussions about how best to 
support individuals with DS to take part in neuroimaging research.   
 
Following the identification of suitable tasks, Chapter 6 describes the 
development of four tasks of EF for use in fNIRS studies with adults with DS. 
All four were based on existing EF measures, and adaptations for each are 
outlined in detail. 
 
Chapter 7 presents methods common to all three of the fNIRS studies 
conducted. Chapter 8 describes the first fNIRS pilot studies, undertaken with 
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adults without DS to explore the suitability of each of the tasks in an fNIRS 
setting. The second fNIRS pilot study is presented in Chapter 9. Here, a small 
group of adults with DS were recruited to assess task accessibility and 
explore how well fNIRS equipment was tolerated in this group. 
 
Chapter 10 presents the final study. Three of the four original EF measures 
were examined in a larger group of adults with DS (N=46), ranging in age 
from 18 to 59 years. Where tasks were found to be suitable for a DS 
population, and capable of inducing robust cortical responses across the pilot 
and final studies, cortical and behavioural responses were then further 
examined in relation to age and general abilities.  
 
A discussion of the findings is given in Chapter 11, with reference to prior 
work. Limitations of the current studies are considered, and opportunities for  
future work explored. 
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1.1 History and Genetics 
 
Down syndrome (DS) is named after John Langdon Down, the English 
physician whose published observations provide some of our earliest 
accounts of this population (Down, 1866). Down attempted to provide a 
method for grouping individuals with differing forms of intellectual disability 
(ID), based on physical and cognitive characteristics he observed in his 
patients at what was then the “Royal Earlswood Asylum for Idiots” (Ward, 
1999). Down described a group of people, accounting for more than 10% of 
his patients, who were characterised by specific facial and cranial features, 
poor circulation and difficulties with speech articulation. However, Down 
wrongly attributed the cause of these features to parental tuberculosis 
(Down, 1866). Almost a century passed before the underlying genetic basis 
of DS was revealed, and while several groups were working with similar 
methods, it was a group of French researchers who first published the 
findings that DS results from trisomy of Chromosome 21 (Chr21) (Lejeune, 
Turpin, & Gautier, 1959). 
 
This additional genetic material drives a range of physical and cognitive 
phenotypes in those with DS (Wiseman, Alford, Tybulewicz, & Fisher, 2009). 
In some instances, these phenotypes are almost universal: for example, the 
characteristic facial features associated with DS. Other phenotypes, 
however, show varying penetrance (Wiseman et al., 2015).  Congenital heart 
defects, for instance, are seen in almost half of the DS population (Freeman 
et al., 2008). While this is a much higher incidence than in the non-DS 
population, with annual incident rate ratios showing a 35-fold increase in DS 
compared to the non-DS population (Alexander, Petri, et al., 2016), 
congenital heart defects are far from universal. Understanding why some 
phenotypes show such variability remains a key challenge for researchers 
and clinicians (Wiseman et al., 2009).   
 
Forty years after the discovery that people with DS have an additional copy 
of Chr21, the chromosome was fully sequenced, revealing 127 known genes 
and predicting a further 98 (Hattori et al., 2000). Recent figures place 232 
coding, and 398 non-coding genes on Chr21 (Ensembl, 2018), and for the 
majority of individuals with DS, their phenotype results from trisomy of the 
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full chromosome. However, translocation, whereby a section of Chr21 has 
attached to another chromosome (most commonly the long arm of Chr21 to 
Chr14 or Chr22) or mosaicism, in which the third copy of Chr21 is present in 
some, but not all of an individual’s cells, account for around 4% and 1.3-5% 
of the DS population respectively (Flores-Ramírez et al., 2015; Morris, 
Alberman, Mutton, & Jacobs, 2012; Papavassiliou, Charalsawadi, Rafferty, 
& Jackson-Cook, 2015).  For those with mosaic DS, the higher the 
percentage of cells showing Chr21 trisomy, the greater the number of clinical 
traits of DS an individual is likely to have, and those with mosaic DS tend on 
average to have a higher IQ than individuals with full trisomy (Papavasiliou, 
Nikaina, Rizou, & Alexandrou, 2011; Papavassiliou et al., 2015). Partial 
trisomies, where only some of Chr21 has been triplicated, have also been 
reported, offering suggestions for the mapping of specific loci on Chr21 to 
several common DS phenotypes, including DS-specific congenital heart 
defects, ID and several gastro-intestinal abnormalities (Korbel et al., 2009). 
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1.2 Epidemiology 
 
In the UK, the population prevalence of DS is currently estimated to be 5.9 
per 10,000 (Alexander, Ding, et al., 2016), with a live birth rate of around 1 
in 1000 (Morris & Alberman, 2009). For those born with DS today, life 
expectancy is much improved compared to previous generations. Just 50 
years ago, the median age at death for individuals with DS was barely 10 
years old. This has now risen to around 60 years (Bittles & Glasson, 2004; 
Englund, Jonsson, Zander, Gustafsson, & Annerén, 2013; Ng, Flygare 
Wallén, & Ahlström, 2017). In the UK, there are now over 25,000 adults with 
DS, 3000 of whom are over 55 (Wu & Morris, 2013).  
  
This striking rise in life expectancy reflects greatly improved medical and 
social care, with advances in cardiac surgery for congenital heart defects 
being a particularly important driver (Glasson et al., 2002). Approximately 
40% of the DS population are born with a congenital heart defect, most 
commonly atrioventricular septal defects, with females twice as likely to be 
affected as males (Freeman et al., 2008).  However, this growing, ageing 
population face further challenges. Adults with DS have been found to be at 
exceptionally high risk of developing Alzheimer’s disease (AD), with 
cumulative dementia risk estimated to be in excess of 80% in those aged 
over 65 (McCarron et al., 2017). Onset of AD is particularly young in this 
population, and in the UK, at least 70% of adults with DS over the age of 35 
years will now have dementia when they die (Hithersay et al., 2018).  
 
With such a high incidence of AD, the DS population can offer a unique 
insight into the development of this disease (Wallace & Dalton, 2011). 
However, it is important to acknowledge that AD develops within an altered 
context in DS. Neuroanatomical and cognitive profiles in DS differ from those 
seen in the non-DS population not only as AD-related decline develops, but 
throughout the lifespan (Karmiloff-Smith et al., 2016) and it is important to 
understand this background at both an individual and group level when 
considering notions of cognitive and functional decline.  
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1.3 Pre-dementia neuroanatomical phenotype 
 
The structure of the brain in DS shows a unique pattern of alterations in 
comparison to the non-DS population (Teipel & Hampel, 2006). It was 
previously thought that brain development in utero followed a typical 
trajectory in those with DS, with differences in micro- and macro-structures 
appearing in early infancy (Becker, Mito, Takashima, & Onodera, 1991; 
Golden & Hyman, 1994; Schmidt-Sidor, Wisniewski, Shepard, & Sersen, 
1990). However, several studies have since confirmed altered development 
from the prenatal period onwards (Bahado-Singh et al., 1992; Winter, 
Ostrovsky, Komarniski, & Uhrich, 2000). While as with any population, those 
with DS will show individual neuroanatomical variation, here the most 
commonly reported group-level differences between those with and without 
DS from the pre-natal period to young adulthood will be presented.  
 

1.3.1 Total brain volume  
 
Total brain volume is reduced in DS, over and above differences due to 
cranial size (Pinter, Eliez, Schmitt, Capone, & Reiss, 2001; Raz et al., 1995; 
Teipel & Hampel, 2006). Foetuses with DS show smaller fronto-thalamic 
distances and transcerebellar diameters from at least 16 weeks gestational 
age (Bahado-Singh et al., 1992; Winter et al., 2000), and brain growth is 
delayed most prominently from three to six months after birth (Wisniewski, 
1990). From the age of three to five months, a narrowing of the superior 
temporal gyrus, smaller frontal lobes and cerebellum, flatter occipital poles 
and a smaller antero-posterior diameter are increasingly apparent in those 
with DS compared to age- and sex-matched controls (Schmidt-Sidor et al., 
1990; Wisniewski, 1990).  
 
In early infancy, babies with DS show a greater number of dendritic 
intersections and longer dendritic length compared to non-DS controls. 
However by the age of two years, substantial atrophy has taken place in DS, 
while throughout this period, non-DS individuals show expanding dendritic 
arborization (Becker, Armstrong, & Chan, 1986; Becker et al., 1991). By early 
adulthood, cerebral hemispheres are up to 20% smaller in those with DS, 
compared to age- and sex matched typically developing (TD) controls (Pinter 
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et al., 2001; Raz et al., 1995), however total brain volume does not appear 
to be related to cognitive abilities in those with DS (Raz et al., 1995).  

 
1.3.2 Cerebellum  
 
The cerebellum remains reduced in volume in DS throughout development, 
both in direct comparison to non-DS individuals, and when the overall size of 
the DS brain is taken into account (Aylward et al., 1997; Beacher et al., 2010; 
Jernigan & Bellugi, 1990; Pinter et al., 2001; Raz et al., 1995; White, Alkire, 
& Haier, 2003). When differentiated more finely, there is evidence for this 
reduction to be confined to posterior regions, with anterior regions showing 
increased volume in comparison to TD controls (Menghini, Costanzo, & 
Vicari, 2011). While the impact this causes on cognition has not been widely 
researched, in a study of 12 adolescents with DS and 12 age-matched TD 
controls, the volume of the left posterior cerebellum positively correlated with 
language comprehension abilities, and the volume of the right posterior 
cerebellum was positively related to spatial short-term memory skills 
(Menghini et al., 2011).  

 

1.3.3 Cerebral Hemispheres 
 
The frontal hypoplasia noted in foetuses with DS (Bahado-Singh et al., 1992; 
Winter et al., 2000) is also reported in many structural imaging studies of 
children and adults with DS (Aylward et al., 1997; Beacher et al., 2010; 
Carducci et al., 2013; Jernigan & Bellugi, 1990; Kesslak, Nagata, Lott, & 
Nalcioglu, 1994; White et al., 2003). However, different comparison methods 
have on occasion produced contradictory findings. When controlling for total 
brain volume, one study of 5-23 year olds found the frontal lobes were no 
longer smaller than those of controls (Pinter et al., 2001). A further study 
found that when taken as a percentage of intracranial size, the left frontal 
lobe was reduced in comparison to TD controls, but the right (and total 
combined) frontal lobe volumes were not significantly smaller in DS (Beacher 
et al., 2010). The size of the middle frontal gyrus in adolescents with DS has 
been found to show a positive relationship with visuo-object perception, 
whereas bilateral orbitofrontal area volumes are positively related to verbal 
long-term memory abilities (Menghini et al., 2011).  
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The temporal lobes are similar in total volume in DS to controls, however 
there is evidence of white matter alterations (Beacher et al., 2010; Carducci 
et al., 2013; Pinter et al., 2001; White et al., 2003). Overall, those with DS 
have been reported to show larger white matter volume in temporal areas 
than controls (Carducci et al., 2013; Pinter et al., 2001). However, regional 
differences within the temporal lobe have also been suggested, with white 
matter volume larger in bilateral middle temporal gyri, but reduced in inferior 
and superior temporal gyri, although these differences were not significant 
after correction for multiple comparisons (White et al., 2003). Medial 
temporal areas show further alterations, with hippocampal volumes reduced, 
but parahippocampal gyri typically enlarged in people with DS (Menghini et 
al., 2011; Raz et al., 1995; White et al., 2003).  
 
In terms of cognition, larger grey matter density in the right superior temporal 
gyrus is related with better visual short-term memory performance, and 
better spatial long-term memory has been reported in those with a larger left 
inferior temporal gyrus and right middle temporal gyrus (Menghini et al., 
2011). Language production has also been shown to be better in those with 
larger bilateral inferior and middle temporal gyri (Menghini et al., 2011), 
although key language areas are potentially disrupted in DS. Passive story-
listening was found to elicit activation in expected areas in the superior and 
middle temporal lobe gyri in two groups of controls matched for mental and 
chronological age with a group of adolescents with DS, whereas the DS 
group showed atypical activation in midline frontal and posterior cingulate 
regions (Jacola et al., 2014). Finally, the size of the parahippocampal gyrus 
appears to be negatively associated with non-verbal general intelligence 
(Raz et al., 1995), but volume in an area including both the fusiform gyrus 
and parahippocampal gyrus shows a positive relationship with spatial long-
term memory (Menghini et al., 2011).  
 
Parietal areas in DS appear larger than would be expected in controls 
(Beacher et al., 2010; Carducci et al., 2013; Pinter et al., 2001; White et al., 
2003), and the right inferior parietal lobe is larger in those with higher visual 
and spatial short-term memory abilities (Menghini et al., 2011). Occipital 
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areas tend not to show significant differences between those with DS and 
controls (Beacher et al., 2010; Teipel & Hampel, 2006; White et al., 2003), 
although an area of the right medial occipital lobe (fusiform gyrus) shows a 
positive correlation with visual short-term memory skills (Menghini et al., 
2011).  
 
Looking more closely at cortical morphometry, gyrification of the cortex is 
substantially reduced in DS from infancy (Wisniewski, 1990). In younger 
people with DS, one study found that cortical volume in 31 people with DS  
(mean age = 16, range = 5-24 years) was reduced compared to age- and 
sex-matched controls (Lee et al., 2016).  However, this difference was driven 
primarily by a reduction in surface area of the cortex. The thickness of the 
cortex in those with DS was even greater than that of controls, particularly in 
areas relating to the default mode network: the dorsal medial frontal lobe and 
the cingulate were both above the 90th percentile when t-values for group 
differences in each voxel were ranked from highest to lowest, as were the 
parietal and lateral frontal lobes.   

 
Cortical thickness in those with DS reduces with age from adolescence 
(Romano et al., 2015). In a study of 84 people with DS, aged 11-35 years, 
cortical thickness changes with age showed strong sex differences, although 
there were no differences in age or IQ between males and females in the 
study. For female participants, cortical thicknesses in bilateral frontal and 
parietal areas were the most strongly negatively correlated with age, but age-
related reductions in the thickness of the left occipital lobe were also noted. 
For male participants, cortical thickness was negatively correlated with age 
in fronto-temporal regions and around the cingulate (Romano et al., 2015). 
This pattern is comparable to that seen with healthy ageing in the general 
population, where cortical thinning begins in the parietal cortex and insula, 
however the process begins much earlier in DS: in the general population 
cortical thinning has been reported from around the age of 30 (Long et al., 
2012).  
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1.3.4 Structural and functional connectivity  
 
In addition to these gross anatomical differences, functional and physical 
connectivity between different brain areas, particularly in relation to the 
frontal cortex, appear to be disturbed in DS (Anderson et al., 2013; Powell et 
al., 2014; Pujol et al., 2015). Individuals with DS show higher regional 
connectivity in a ventral system including anterior temporal regions and the 
amygdala, and the ventral parts of the anterior cingulate and frontal cortex, 
but lower functional connectivity in networks related to EF, which involve 
more dorsal areas of the prefrontal cortex, anterior cingulate and posterior 
insula (Pujol et al., 2015). Although this dorsal network is thought to be 
implicated in EF, the impact of this disturbance on EF abilities was not 
directly assessed. However, both increased regional connectivity and 
reduced network connectivity were associated with poorer communication-
related adaptive functioning (Pujol et al., 2015). Impaired myelination has 
also been noted, with a focussed hippocampus study finding that while those 
with DS showed a similar pattern of myelination to those without DS, 
myelination is delayed during development and in some areas, most 
prominently in the hilus of the dentate gyrus, a reduced density of myelinated 
axons in those with DS compared to controls is seen throughout the lifespan 
(Ábrahám et al., 2012). The authors argue that as the myelinated fibres that 
lead into the hilus primarily come from sub-cortical septal nuclei, and that 
these connections are essential for the formation of memories, this impaired 
hilar myelination in DS may play a role in the ID that we see in this population. 
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1.3.5 Summary of the neuroanatomical phenotype of Down 
syndrome  

 
Thus in sum, existing neuroanatomical research in DS shows anatomical 
differences that begin in utero, and proceed throughout development. While 
evidence is not always aligned, reduced total brain volume, frontal and 
cerebellar volumes are frequently noted, whereas parietal lobes are typically 
larger in DS than controls. There remains a lack of research that has directly 
examined the relationships between neuroanatomy and cognitive abilities in 
DS in the years prior to the onset of AD neuropathology, although one study 
of adolescents found relationships between several key areas and different 
aspects of cognition, and larger parahippocampal gyri have been shown to 
be related to poorer general abilities.  
 
In terms of the focus of the current study, not a single study was found that 
had examined brain structure or function in relation to EF. Such research is 
vital for delineating pre-existing impairments from AD-related decline. The 
following sections will provide an overview of the general cognitive 
phenotype in DS, before examining EF in greater detail.  
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1.4 Cognitive Phenotype 
 
DS is the most common genetic cause of intellectual disability (ID), 
accounting for up to 15% of all ID cases (Ellison, Rosenfeld, & Shaffer, 2013; 
Hou, Wang, & Chuang, 1998; Rauch et al., 2006). ID is defined as impaired 
intellectual functioning (one’s ability to reason, plan, problem solve and learn 
academically or through experience) and adaptive functioning (the social and 
practical skills one needs to live independently), both of which must begin 
within the developmental period (American Psychiatric Association, 2013). 
Previous definitions required a standardised IQ score less than 70 (i.e. two 
standard deviations below the population mean), however intellectual 
impairment is now assessed using both standardised IQ tests and a more 
specific focus on how intellectual abilities impact on an individual’s daily living 
skills.  
 
ID is typically categorised by severity. Those with ‘mild’ ID require minimal 
support to live independently, but will show some delay or difficulties in their 
conceptual development and social and practical skills. Those with 
‘moderate’ ID will require a little more support with their self-care and daily 
living skills, but many will still, for example, be able to travel to well-known 
places alone. People with ‘severe’ ID will require much more support at home 
and in social settings and while many will understand language, these 
individuals will show greater difficulty in communicating with others. People 
with ‘profound’ ID require constant supervision and will have very limited 
ability to communicate. Those with profound ID need help with all aspects of 
their self-care and this group are more likely to experience associated 
medical conditions than those with mild or moderate ID (Boat et al., 2015; 
World Health Organization, 1993). ID severity is defined based on an 
individual’s highest ever level of functioning. Cognitive decline due to ageing, 
AD or other reasons would therefore not influence ID severity.  
 
General abilities in DS, while commonly falling within the range of mild to 
moderate ID, show marked variability across the population (Edgin, 2013; 
Karmiloff-Smith et al., 2016). Similarly, while definitions of ID suggest global 
deficits across cognitive domains, in DS we see large variability in the extent 
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to which different cognitive processes are affected (Edgin, 2013; Grieco, 
Pulsifer, Seligsohn, Skotko, & Schwartz, 2015; Karmiloff-Smith et al., 2016). 
Language and memory are often reported as domains that show particularly 
clear deficits in the DS population, and conversely visuo-spatial skills have 
been noted to be comparatively strong (Contestabile, Benfenati, & Gasparini, 
2010; Grieco et al., 2015). However, when looking at the sub-processes 
involved in each domain at the group-level, and within each sub-process at 
an individual level, the picture is more greatly nuanced.  

 
One suggestion from the literature is that decline in executive functioning (i.e. 
the cognitive processes that we employ to guide and control our thoughts 
and actions) may provide some of the earliest markers of dementia in DS 
(Adams & Oliver, 2010; Ball et al., 2006, 2008; Ball, Holland, Watson, & 
Huppert, 2010), in contrast to the non-DS population, where episodic 
memory decline is a defining early marker of AD (Tromp, Dufour, Lithfous, 
Pebayle, & Després, 2015). In light of this suggestion, this section will provide 
a brief overview of language, attention and memory profiles in DS, then EF 
will be examined in greater detail in Chapter 2. 

 
 
 
1.4.1 Language 
 
Babies with DS have been reported to meet early language milestones, such 
as babbling, within a similar developmental period to typically developing 
(TD) babies (Oller & Seibert, 1988; Steffens, Oller, Lynch, & Urbano, 1992). 
However, as children with DS reach school age, a pattern of specific deficits 
has already begun to emerge, with expressive language abilities (i.e. 
producing language) showing greater impairment than receptive language 
skills (i.e. understanding language) (Grieco et al., 2015).  
 
Syntax comprehension tends to be poorer than vocabulary comprehension 
in children and adolescents with DS (Chapman, Schwartz, & Bird, 1991). 
While those with DS will make more utterances in conversational settings 
than controls matched on non-verbal mental age (NVMA), the number of 
different words and the total number of words they produce within each 
utterance is reduced (Chapman, Seung, Schwartz, & Bird, 1998). In terms of 
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literacy, children with DS fall behind children of the same chronological age 
in their receptive vocabulary, rhyming and phoneme matching skills, but 
perform as well, or better in each measure than NVMA controls, suggesting 
years of experience plays a key role in literacy development (Cornish, Steele, 
Monteiro, Karmiloff-Smith, & Scerif, 2012).  
 
While these group level differences may help in highlighting areas where 
those with DS may need additional support, individual differences in 
language ability must also be noted. In one of the largest studies of cognition 
in adolescents and adults with DS to date, verbal ability raw scores in 225 
people with DS (without dementia) aged 16-71 years ranged from 2-82 of a 
possible 108 points (Startin et al., 2016), based on a combined score from 
the ‘verbal knowledge’ (i.e. receptive language) and ‘riddles’ (i.e. receptive 
and expressive language) sub-tests of the Kaufman Brief Intelligence Test 
(2nd Edition; Kaufman & Kaufman, 2004). The first three items on the verbal 
knowledge sub-test are ‘clock’, ‘money’ and ‘dishes’. These results show that 
there are some individuals with DS who are unable to identify these three 
items, even when performing at their intellectual peak. Conversely, some 
adults with DS performed well enough on this verbal measure that their 
standardised IQ score would not meet the previous boundaries (i.e. a score 
of 70 or less) for defining ID.  
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1.4.2 Attention 
 
Typically developing (TD) children show a similar pattern of differentiation in 
attentional subprocesses to that seen in adults by the age of around four and 
a half years  (Breckenridge, Braddick, & Atkinson, 2013). At this stage, three 
subprocesses can be clearly defined: 
 

Sustained attention  
This is the ability to maintain focus on a task over time. 
 

Selective attention  
The ability to select relevant information amongst distractors. 
 

Executive attention  
The ability to control the focus of one’s attention to target stimuli or responses 
while ignoring conflicting information. 
 
In adults, the distinction of these subprocesses is supported by their differing  
neural networks (Fan, McCandliss, Fossella, Flombaum, & Posner, 2005; 
Fan, McCandliss, Sommer, Raz, & Posner, 2002). During sustained 
attention, or ‘alerting’, frontal and parietal areas of the right hemisphere tend 
to be active. Selecting relevant information, or ‘orienting’ one’s attention, also 
relies on areas of the parietal and frontal lobes. Of particular note here are 
the superior parietal lobule which is involved in planning eye movements 
(Andersen, 1989) and manipulating information in working memory (Koenigs, 
Barbey, Postle, & Grafman, 2009), and the temporo-parietal junction, which 
is active when a task requires one to disengage their attention and refocus 
on a new location (Corbetta et al., 2000). When exerting executive control of 
one’s attention, bilateral prefrontal and midline frontal areas are likely to be 
activated (Fan et al., 2005, 2002).  
 
Indeed, from just three years of age, executive attention is already distinct 
from sustained / selective attention and abilities in these two sub-processes 
show differing effects on children’s later development (Steele, Karmiloff-
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Smith, Cornish, & Scerif, 2012). Executive attention is related to current 
literacy and numeracy skills, whereas sustained / selective attention predicts 
numeracy but not literacy 12-months later (Steele et al., 2012).  
 
For those with DS, the developmental trajectory of attentional processes, and 
their relation to other cognitive domains, differs from this TD pathway. 
Sustained attention appears impaired in infancy (Brown et al., 2003), but 
commensurate with general abilities in later childhood and early adolescence 
(Breckenridge, Braddick, Anker, Woodhouse, & Atkinson, 2013; Cornish, 
Scerif, & Karmiloff-Smith, 2007). By adulthood, sustained attention has been 
found to be poorer in those with DS than in individuals with non-DS ID (Rowe, 
Lavender, & Turk, 2006). Selective attention, however, presents with the 
opposite pattern early in life: in infancy, those with DS perform as well as 
mental-age matched (MA) controls, whereas by later childhood their abilities 
have fallen below those expected for their general verbal skills 
(Breckenridge, Braddick, Anker, et al., 2013; Cornish et al., 2007). In terms 
of executive attention, toddlers with DS do not show impairment in inhibition 
(Cornish et al., 2007), and general executive attention abilities in childhood 
correlate strongly between those with DS and both chronological age-
matched (CA) and MA controls (Breckenridge, Braddick, Anker, et al., 2013). 
This suggests similar development trajectories, however those with DS 
showed poorer scores than controls in motor inhibition and attentional 
flexibility. Adults with DS show poorer inhibition than adults with ID of 
different aetiologies, although abilities vary widely (Rowe et al., 2006). 
 
In addition to the specific deficits highlighted in these cognitive studies, in 
clinical studies, it has been found that 30-40% of children with DS meet 
criteria for attention deficit hyperactivity disorder (ADHD) (Edvardson et al., 
2014; Ekstein, Glick, Weill, Kay, & Berger, 2011; Määttä, Tervo-Määttä, 
Taanila, Kaski, & Iivanainen, 2006). Of those meeting diagnostic criteria for 
ADHD in these studies, around two thirds were found to be of the inattentive 
sub-type. This finding is particularly important, given that inattentiveness has 
a greater negative impact on learning outcomes than hyperactivity does 
(Polderman, Boomsma, Bartels, Verhulst, & Huizink, 2010).   
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Like language development, attentional subprocesses can affect the 
development of different components of memory. While memory deficits 
related to AD will be discussed in greater detail in chapter 3, here a brief 
overview of memory in DS up to younger adulthood will be presented.  

 
 
1.4.3 Memory 
 
Memory is a multi-componential construct, with distinctions frequently made 
by timescale. Short-term memory refers to a limited capacity system 
maintaining information for only several seconds. Long-term memory is 
considered an almost unlimited store, with variable but slow deterioration of 
items stored there. Both systems show deficits in DS from childhood onwards 
(Contestabile et al., 2010; Grieco et al., 2015; Raitano Lee, Maiman, & 
Godfrey, 2016). Working memory is more executive, and involves a limited 
capacity system for storing and manipulating information to allow more 
complex thought and learning (Baddeley & Jarrold, 2007). While briefly 
mentioned in the current section, working memory will be covered further in 
Chapter 2.  
 
Long-term memory can be further partitioned by the type of information 
stored, with implicit (or ‘procedural’) memory, such as knowing how to ride a 
bike, being distinct from explicit (or ‘declarative’) memory, which may take 
two forms: semantic memory, such as knowing that a cat is a mammal, and 
episodic memory, which includes memories of specific events that have 
taken place in our life.  Episodic memory has been found to be specifically 
impaired in DS (Vicari, 2001; Vicari, Bellucci, & Carlesimo, 2000).  
 
For short-term memory, people with DS show differences in performance 
based on the modality of the task. Verbal short-term memory has been found 
to be poorer than visuo-spatial short-term memory, with children and 
adolescents with DS performing below expected for both their receptive 
language and general abilities (Jarrold & Baddeley, 1997; Jarrold, Baddeley, 
& Phillips, 2002). Verbal short-term memory deficits in DS have been shown 
to be distinct from other processes:  impaired hearing, inefficient rehearsal 
of information and speech production difficulties have all been found to bear 
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no significant impact on verbal short-term memory performance (Baddeley & 
Jarrold, 2007; Jarrold & Baddeley, 1997; Jarrold, Baddeley, & Hewes, 2000; 
Seung & Chapman, 2000). Such findings are supported by a recent study 
that found that verbal short-term memory abilities were related to receptive, 
but not expressive language in adults with DS (Majerus & Barisnikov, 2018).  
 
However, as memory load increases or an executive component is added to 
a task (i.e. amalgamating visual and spatial demands, or increasing the need 
for executive control), children with DS will begin to show deficits in visuo-
spatial short-term and working memory compared to MA controls 
(Lanfranchi, Baddeley, Gathercole, & Vianello, 2012; Visu-Petra, Benga, 
Tincaş, & Miclea, 2007). Looking more closely at performance across a 
range of visuo-spatial skills in DS, a review of 49 different studies found that 
spatial sequential memory and memory for locations were approximately 
commensurate with general abilities, whereas spatial working memory was 
a particular weakness for this population (Yang, Conners, & Merrill, 2014).  
 
For long-term memory, a small group study found that visual and spatial 
systems could be differentiated, and young people with DS (mean age 15y 
10mo;  SD = 5y 8mo) performed as well as MA controls when learning visuo-
spatial sequences but were impaired in their learning in a visual-object 
paradigm (Vicari, Bellucci, & Carlesimo, 2005). When looking at both recall 
and recognition in long-term memory tasks, those with DS show impaired 
performance on both verbal and visual tasks in their recall and recognition 
performance compared to controls, with recall ability being even lower than 
recognition (Jarrold, Baddeley, & Phillips, 2007).  In a cognitive battery 
designed to measure hippocampal function, participants with DS displayed 
poorer paired-associate learning and were able to remember fewer words in 
a word learning task than MA controls, however performance on the 
Ecological Memory Index, which requires participants to answer 18 memory 
questions covering topics such as parents’ names and meals eaten in the 
last 24 hours, was equal to controls (Edgin et al., 2010).  
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1.4.4 Summary of the cognitive phenotype in Down syndrome  
 
Taken together, this brief review delineates the complicated pattern of 
cognition in DS. Rather than blanket impairment across domains, we see 
relative strengths and limitations in ability that vary across sub-processes in 
broader domains, and may be affected by task modality in some cases. 
Within the DS population, abilities also vary widely, thus acknowledging 
individual differences is essential when considering, for example, the kind of 
educational support an individual may require. These results also highlight 
the need for individual baseline and longitudinal cognitive assessments for 
decline to be tracked appropriately in later years. The effects of AD on 
cognition in DS will be explored further in Chapter 3.  
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2.1 Introduction 
 
Executive functioning (EF) refers to the collective higher level cognitive 
processes we employ to direct and control our actions and achieve goals 
(Alvarez & Emory, 2006; Miyake et al., 2000). These processes are 
correlated with, but not the same as general intelligence (Friedman & 
Miyake, 2017), and like IQ, EF abilities are highly heritable (Friedman et al., 
2016; Miyake & Friedman, 2012).  
 
This thesis will focus on EF in DS, following previous suggestions that EF 
may be particularly vulnerable to decline in the earliest stages of dementia 
in this population (Ball et al., 2006, 2008, 2010). In this chapter, the structure 
of EF as a concept will first be explored, then key brain areas and networks 
related to specific EF components in the non-DS population will be outlined. 
The remainder of this chapter will review cognitive research focussing on EF 
in individuals with DS who are not yet presenting with cognitive decline. 
Relationships between EF abilities and brain structure or function in DS will 
be purely tentative: no prior neuroimaging research examining EF in people 
with DS at any age was found.   
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2.2 The structure of executive function  
 
EF is, in its nature, multi-componential and complex. Directing one’s 
behaviour to reach a goal will typically require a representation of the goal 
that can be maintained and amended in relation to prior and novel 
information (‘updating’); the ability to learn rules that may govern success, 
and to switch to new rules when circumstances change (‘switching’); and the 
ability to suppress unwanted information or inappropriate responses when 
acting to reach that goal (‘inhibiting’) (Miyake et al., 2000).  
 
The specific processes that may be collectively referred to as EF, and the 
extent to which they are separable, has been the focus of much debate 
(Miyake et al., 2000; Munakata, Snyder, & Chatham, 2012; Zelazo & 
Carlson, 2012; Zelazo, Craik, & Booth, 2004). EF performance as it develops 
throughout childhood will be examined using Zelazo and Frye’s “cognitive 
complexity and control” (CCC) model (Zelazo & Frye, 1998), and Munakata’s 
notion of key transitions in development (Munakata et al., 2012). Miyake’s 
integrative model, which acknowledges unity and diversity in the concept of 
EF, will then be the primary model used to explore EF in adolescents and 
adults (Friedman & Miyake, 2017; Miyake et al., 2000).    
 
The CCC theory of EF posits that a person’s ability to exercise control over 
their actions and environment depends of the degree of rule-complexity that 
the individual can understand and use during problem-solving (Zelazo & 
Frye, 1998). Zelazo found that performance in several measures of EF, 
including visual and auditory sorting tasks, follows a U-shape across the 
lifespan, such that performance improves across childhood, then declines in 
old age (Zelazo et al., 2004). Zelazo used a dimensional change card sort 
task (DCCS) to develop the CCC theory. The task, based on the Wisconsin 
Card Sort Task (Drewe, 1974), requires participants to sort cards based on 
either their shape, or colour, with the sorting-parameter shifting between 
subsequent rounds of the task (Zelazo, 2006). By three years of age, most 
children can understand and apply the two rules required to sort cards by 
one characteristic, for example, ‘if the card is blue, it goes here, if the card is 
red it goes there’ (Zelazo & Frye, 1998). It is not until age 5 that Zelazo 
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believed children could typically manipulate higher-level rules that would 
allow different actions based on shifting circumstances, such as sorting by 
shape in one condition, and by colour in another.  
 
Zelazo and Frye (1998) argued that it is the ability to reflect on the rules, and 
the circumstances in which they require application, that determines one’s 
ability to succeed in switching between them. Younger children lack this 
reflective capacity, and although older adults are capable of such reflection, 
Zelazo proposes that their decline in performance may be due to the 
increasing effort required to maintain and manipulate information in working 
memory, and access and reflect on higher-order representations (Zelazo et 
al., 2004). An alternative explanation for the younger children’s responses 
that Zelazo presented is that 3-year olds have difficulty inhibiting pre-potent 
responses. However, as perseveration to the previous sorting-condition was 
seen for a majority of three-year olds after one single sorting trial, Zelazo 
argued that this perseveration could not be explained by inadequate 
inhibition of a well-rehearsed response (Zelazo & Frye, 1998).  
 
Munakata describes the shift from the perseverative response seen in 
Zelazo’s three year olds, to successful, self-directed cognitive control, as 
passing through three transitional phases of maturity (Munakata et al., 2012). 
In the first stage, as a child’s ability to maintain goal-relevant information 
strengthens and incorporates more abstract representations, they will be 
increasingly able to ignore irrelevant information in relation to the goal at 
hand (Munakata, 1998). Thus Zelazo’s perseverating three year olds had 
weak representations of the goal when the rule shifted, and were unable to 
ignore information concerning either the shape or colour that made their 
choice correct in the previous round. Next comes a shift from a reactive, to a 
more proactive maintenance of goal-relevant information: as a child’s ability 
to maintain abstract information over longer periods of time improves, they 
can become increasingly able to prepare for unpredictable situations. In the 
third transition, cognitive control moves from being an externally driven 
factor, responding correctly to instructions for example, to being self-
directed. For example, preparing their swimming bag for the next day without 
being prompted.  
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EF development continues well in to adolescence, with performance peaking 
in early adulthood (Friedman et al., 2016). While EF abilities show some 
stability over time, for example self-restraint in infancy can predict later EF 
outcomes (Miyake & Friedman, 2012), twin studies have shown that 
environmental factors are still capable of influencing EF development 
between the ages of 17 and 23 (Friedman et al., 2016), giving promise to the 
potential of improving EF skills at ages where it was previously thought 
abilities would be fixed. 
 
Early models of EF considered its role in relation to working memory (i.e. 
holding and manipulating a limited amount of information for a limited amount 
of time), and proposed that lower-level cognitive processes were controlled 
by a supervisory ‘central executive’ (Baddeley & Hitch, 1974). Several 
updated theoretical EF structures have since been proposed, with nearly all 
recent models considering EF to encompass multiple diverse processes 
(Karr et al., 2018). It was the application of confirmatory factor analysis to a 
battery of 9 different tasks of EF that has had perhaps the strongest influence 
on how EF is now conceptualised (Miyake et al., 2000). Using a latent 
variable approach allowed Miyake and colleagues to diminish problems of 
task impurity. The notion that EF tasks rely on multiple cognitive processes 
had been held as a key problem in clearly defining its structure. In their study, 
Miyake et al. (2000) examined the unity and diversity of three commonly 
acknowledged subcomponents of EF: updating, switching, and inhibiting 
(each described in the first paragraph).  Their findings confirmed that these 
three factors of EF were indeed separable, however they were not fully 
independent: there was some degree of commonality between them. 
 
In their more recent work, Miyake and Friedman moved the unity and 
diversity components into the latent factors themselves, finding that a nested 
model best represented the structure of EF (Friedman et al., 2008; Miyake & 
Friedman, 2012). A common EF latent variable (i.e. ‘unity’) was found to 
predict all EF components, while the diversity component was captured by 
updating-specific and shifting-specific factors (Friedman et al., 2008; Miyake 
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& Friedman, 2012). In these newer analyses, inhibition was not always found 
to be a full factor in its own right, but could be captured by the others. One 
argument is that common EF is inhibition, although Friedman and Miyake’s 
current view is that there is nothing inherently special about inhibition, and 
that the common EF factor reflects individual differences in goal maintenance 
and management (Friedman & Miyake, 2017).  
 
Miyake’s integrative theory has since been tested in multiple samples, with 
a recent meta-analysis confirming that the most appropriate model of EF 
differs with age (Karr et al., 2018). While the nested model described above 
was most frequently found to provide the best fit for data from adults, in 
childhood and in some adolescent samples, the structure of EF is best 
described by a single latent factor (Karr et al., 2018; Wiebe, Espy, & Charak, 
2008; Wiebe et al., 2011). The following section will examine the neural 
correlates of these EF processes.  
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2.3 Neural correlates of executive functioning  
 
EF processes have traditionally been conceptualised as residing in the 
frontal lobes. This relationship stemmed from early reports of impaired 
performance in tasks designed to measure EF, such as the WCST, verbal 
fluency tasks and Stroop tasks, in individuals who had experienced frontal 
lesions (Berg, 1948; Drewe, 1974; Milner, 1963; H. E. Nelson, 1976; Perret, 
1974). Indeed, this relationship was considered so strong, that for many, the 
terms ‘EF tasks’ and ‘frontal tasks’ were used synonymously, and in clinical 
settings, whole batteries of tasks have been developed with the intention of 
identifying frontal lobe dysfunction (Dubois, Slachevsky, Litvan, & Pillon, 
2000).  
 
The application of functional neuroimaging, and fMRI in particular, has 
advanced our understanding of the neural correlates of EF substantially in 
the past 30 years. The notion of us having a single, frontal-lobe-localised 
‘central executive’ that directs lower-level cognitive processes (Baddeley & 
Hitch, 1974) has not been supported by subsequent systematic research 
(Alvarez & Emory, 2006; Stuss & Alexander, 2000). Indeed, there have been 
calls to fully retire the concept (Logie, 2016). Baddeley himself 
acknowledged the lack of clarity in the proposal more than 20 years ago, 
stating that, 

 “our initial specification of the central executive was 
so vague as to serve as little more than a ragbag into 

which could be stuffed all the complex strategy selection, 
planning, and retrieval checking that clearly goes on 

when subjects perform even the apparently simple digit 
span task” (Baddeley, 1996, p. 6) 

 
In combination with further lesion studies, it has become evident that EF 
tasks are not specific to frontal lobe function, but rather activate multiple 
cortical and sub-cortical regions (Alvarez & Emory, 2006; McKenna, Rushe, 
& Woodcock, 2017; Stuss & Alexander, 2000). Conversely, the frontal lobes 
function not purely as a ‘central executive’, but also influence other 
processes, including emotional processing, personality, and self-awareness 
(Bonelli & Cummings, 2007; Stuss & Alexander, 2000). Several meta-
analyses of the neural correlates of EF have been published in the past 15 
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years (Alvarez & Emory, 2006; Blakemore & Choudhury, 2006; McKenna et 
al., 2017; P. Yuan & Raz, 2014). Here, current findings will be presented in 
relation to Miyake’s integrative model, with neural correlates of common EF, 
shifting and updating factors summarised in turn.  
 

2.3.1 Common Executive Function Factor and Inhibition 
  

In terms of Miyake’s common EF latent factor, a meta-analysis of varied EF 
studies, combining results from tasks such as the WCST, verbal fluency, 
Stroop and trial-making tasks, found better general EF performance to be 
modestly associated with larger lateral and medial prefrontal cortex (PFC) 
volume, and greater cortical thickness in the PFC in healthy, TD adults  
(Yuan & Raz, 2014). A recent study including 251 healthy adults, with a mean 
age of 28.71 years (SD = 0.57 years), similarly showed that higher common 
EF performance was found in those with larger volume and surface area in 
the PFC (Smolker, Friedman, Hewitt, & Banich, 2018). Here, anatomical 
locations were considered in finer detail, with the right middle frontal gyrus 
and frontal pole and also the right inferior temporal gyrus specifically showing 
a positive relationship with common EF. A meta-analysis using activation-
likelihood estimation in data sets restricted to children and adolescent age 
groups found common EF activity to be clustered in areas of the frontal lobes 
(most strongly in superior and middle gyri), the supplementary motor area 
and much of the parietal lobes (McKenna et al., 2017).  
 
The most recent Smolker study (2018) included a separate factor analysis of 
scores from the six tasks of EF used in their experiments, and found that a 
common EF factor was underlying all tasks. Specific updating and switching 
factors were also confirmed, but there was no evidence for a distinct 
inhibition factor. These findings support those from a meta-analysis of 30 
separate fMRI studies using go / no-go tasks (a commonly used task of 
‘response inhibition’) (Criaud & Boulinguez, 2013). Such tasks are typically 
reported to activate a fronto-parietal network that is right lateralised, with the 
insula and pre-supplementary motor areas frequently noted as areas 
specifically involved in inhibitory control. However, the authors conclude that 
the vast majority of activity seen in go / no-go tasks is not specific to response 
inhibition. Further, activity in the insula and supplementary cortex was almost 
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completely explained by increased attentional and working memory load 
(Criaud & Boulinguez, 2013), which would fit with the idea of inhibition being 
indistinct from a common EF factor.  
 
Connectivity metrics have also been examined in relation to a common EF 
factor. Fractional anisotropy (FA) gives a measure of how far the diffusion of 
water molecules in a given area deviates from isotropy: in unbound 
situations, such as the cerebrospinal fluid, water molecules will move equally 
in all directions (‘isotropic diffusion’), whereas in areas with clear physical 
constraints, such as a bundle of white matter fibres, the water molecules will 
be restricted in their movement, and more likely to travel along the length of 
a fibre than to cross it (Pfefferbaum et al., 2000). Higher FA is therefore likely 
to be seen in areas with clearly organised white fibre tracts such as the 
corpus collosum, than in areas with crossing fibres tracts like the connections 
to the frontal lobes.  
 
Higher (FA) in the right superior longitudinal fasciculus (rSLF) and the left 
anterior thalamic radiation were each found to be related to better common 
EF performance in healthy adults (Smolker et al., 2018). In a group of 
younger healthy adults (N = 68; mean age 21.5, SD 2.3 years), higher FA in 
tracts connecting the ventromedial and ventrolateral PFC to posterior regions 
of the brain was associated with higher common EF performance (Smolker, 
Depue, Reineberg, Orr, & Banich, 2015). However, in contrast with the 
results from the most recent study (Smolker et al., 2018), and the overall 
results from the adult meta-analysis, in the younger adult group, Smolker and 
colleagues (2015) found that it was reduced grey matter volume in the 
ventromedial PFC that predicted better common EF performance.  
 
Resting state networks (RSN; i.e. areas which are found to show related 
activity when a person is ‘at rest’, allowing the mind to freely wander and not 
work on a specific task) are also associated with common EF performance. 
Specifically, in a group of 91 healthy adults aged 18-35, increased coupling 
between the right frontoparietal RSN and areas of the cerebellum is seen in 
people with better common EF performance (Reineberg, Andrews-Hanna, 
Depue, Friedman, & Banich, 2015).  
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2.3.2 Switching 
 
While grey matter volume in the PFC showed clear relationships with a 
common EF factor in adults in their late twenties, no relationships were seen 
in this age group between grey matter volume and a switching-specific factor 
(Smolker et al., 2018). In a slightly younger adult group (mean age = 21.5 
years), reduced grey matter volume in the ventrolateral PFC was seen in 
better shifting performers (Smolker et al., 2015). In children and adolescents, 
McKenna and colleagues’ meta-analysis (2017) showed activation during 
switching tasks in right parieto-cingulo, left frontal and left occipital regions. 
When looking at overlap with a common EF factor, left frontal regions were 
of importance, whereas switching-specific activity was seen in left occipital 
regions, which the authors acknowledge could be explained by each of the 
tasks’ reliance of visual stimuli (McKenna et al., 2017).  
 
White matter characteristics showed several associations with switching 
ability in adults: better switching-ability was linked to brain-wide increased 
mean diffusivity (i.e. the total diffusion within a voxel) and reduced radial (i.e. 
perpendicular) diffusivity (Smolker et al., 2018). Further, the left superior 
longitudinal fasciculus, corpus callosum, and right optic radiation each 
showed reduced axial diffusivity in people with better switching performance. 
In younger adults, higher FA in the left and right inferior fronto-occipital 
fasciculus was related to better switching performance (Smolker et al., 2015) 
In an earlier study, higher FA was related to higher switching performance in 
much of the brain, but no single specific anatomical area (Grieve, Williams, 
Paul, Clark, & Gordon, 2007).  
 
When looking at RSNs, increased connectivity between the angular gyrus 
and a ventral somatosensory / attention network was associated with higher 
switching performance in healthy adults (Reineberg et al., 2015).  
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2.3.3 Updating 
 
Neural correlates of an updating-specific factor include activity in frontal and 
temporal areas (Smolker et al., 2018). In adults, thicker cortex in the left 
cuneus and precuneus, but reduced cortical thickness in the superior frontal, 
and middle and superior temporal gyri of the right hemisphere, were related 
to better updating abilities (Smolker et al., 2018). In a younger group, aged 
17-23 years, reduced grey matter volume in the right dorsolateral PFC was 
associated with better updating performance, showing similar areas of 
importance to adults (Smolker et al., 2015). However, developmental 
differences in updating ability are reflected in neuroimaging results from 
younger participants. While updating specific activity can be seen in 
adolescents, specifically in right frontal areas and bilateral cerebellar crus I 
and II, in children updating is not distinguishable from common EF at the 
neural level (McKenna et al., 2017).  
 
White matter measurements (Smolker et al., 2015, 2018) or resting-state 
functional connectivity (Reineberg et al., 2015) measurements do not appear 
to show relationships with updating.  
 

2.3.4 Neural correlates of executive functioning summary 
 
In summary, neuroimaging data support the existence of a common EF 
factor, and in adults, specific neural correlates were also seen for updating 
and switching, but not inhibition (Smolker et al., 2018; Yuan & Raz, 2014).  
In children, neuroimaging results corroborate well with a more unified 
structure of EF, with no specific updating or inhibition factor seen, and limited 
support for a unique shifting factor (McKenna et al., 2017). Results from 
adolescents confirm a protracted period of development, with differences in 
neural correlates seen even between those in their early and late twenties 
(Smolker et al., 2015, 2018). This fits with an increasing awareness that brain 
development continues throughout adolescence, with structural and 
functional changes occurring well into adulthood (Blakemore & Choudhury, 
2006). The final section of this chapter will explore EF in people with DS.  
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2.4 Executive functioning in Down syndrome  
 
Functional neuroimaging and EF latent structure analyses have yet to be 
conducted in individuals with DS. While the cognitive literature is small in 
comparison to the non-DS population, there have been several attempts to 
examine EF abilities in people with DS at different ages, with both direct 
cognitive assessment and informant-report studies suggesting a varied 
profile of impairment throughout development (Carney, Brown, & Henry, 
2013; Contestabile et al., 2010; Lanfranchi, Carretti, Spanò, & Cornoldi, 
2009; Lanfranchi, Cornoldi, Vianello, & Conners, 2004; Lanfranchi, Jerman, 
Dal Pont, Alberti, & Vianello, 2010; Rowe et al., 2006; Russo et al., 2012; 
Yang et al., 2014). Although original studies were not designed to map on to 
Miyake’s integrative EF structure, this framework of EF factors will be used 
to summarise findings from the DS literature.  

 
 

 
2.4.1 Common Executive Functioning and Inhibition  
 
Impaired general EF abilities are seen in DS throughout the lifespan. From 
early childhood, children with DS are reported to show poorer everyday EF 
skills by their carers than both TD children and those with sex-chromosome 
trisomy, each matched on chronological age and maternal education level 
(Lee et al., 2015). By adulthood, overall EF skills are poorer in those with DS 
than people with non-DS ID, matched on chronological age and vocabulary 
levels (Rowe et al., 2006). However, the DS EF profile shows greater 
variability than that seen for other groups. For example, while the DS group 
were impaired overall in the informant-report study above, they showed 
greater emotional control than individuals with sex-chromosome trisomy, and 
performed as well as both TD and sex-chromosome trisomy control groups 
in their ability to organise materials (Lee et al., 2015).  
 
Children with DS perform as well as TD controls in tasks measuring inhibition 
and fluency, in both verbal and visual modalities (Carney et al., 2013). By  
adolescence, those with DS show impaired visuo-spatial working memory, 
planning skills and inhibition, but perform as well as MA controls in measures 
of verbal fluency in some studies (Borella, Carretti, & Lanfranchi, 2013; 
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Lanfranchi et al., 2010). Other research, however has noted impaired 
performance on both semantic and phonemic verbal fluency in young 
adolescents with DS compared to MA controls (Nash & Snowling, 2008). It 
has been suggested that inhibition and fluency may therefore develop 
similarly in children with DS to TD children, with impairments becoming more 
evident with age (Carney et al., 2013).  
 
Visuo-spatial skills are often presented as being less impaired in DS than 
verbal skills (Yang et al., 2014), and in the case of general EF, verbal working 
memory has been shown to be poorer than visuo-spatial working memory in 
DS (Jarrold & Baddeley, 1997). To assess the role of task modality on EF 
performance, Carney et al., (2013) compared performance across four areas 
of EF (executive-loaded working memory (ELWM), inhibition, fluency and 
set-shifting) in verbal and visuo-spatial modalities. Children with DS showed 
impaired performance in ELWM in both modalities compared to IQ-matched 
TD controls. This fits with other researchers who reported general executive 
working memory impairments in DS (Costanzo et al., 2013). Thus, while task 
modality may affect performance in some circumstances (see also the 
updating section below), when the executive load is high, the modality no 
longer appears to be important.  

 
2.4.2 Switching  
 
Switching has not been specifically assessed in many DS studies, however 
the limited research available suggests that specific switching impairments 
are present from childhood onwards. Children and adolescents with DS show 
reduced performance in comparison to TD children with comparable verbal 
abilities for switch-based card sorting tasks and a category switching task  
(Carney et al., 2013; Costanzo et al., 2013; Lanfranchi et al., 2010). In 
adulthood, people with DS show poorer set-shifting abilities in the Weigl 
Colour-Form Sort test than adults with non-DS ID, even when their slower 
sorting speed was controlled for (Rowe et al., 2006).  
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2.4.3 Updating  
 
Again, updating has been rarely assessed in DS, however existing studies 
suggest abilities show some degree of modality specificity in this population. 
Individuals with DS show spatial span scores commensurate with their level 
of general intellectual ability, yet show impairment in verbal digit span tasks 
(Baddeley & Jarrold, 2007; Jarrold & Baddeley, 1997; Rowe et al., 2006).  

 
2.4.4 Executive functioning in Down syndrome summary 
 
In sum, individuals with DS show impaired areas of EF throughout the 
lifespan. While research is sparse, updating and switching skills appear to 
be consistently impaired (Carney et al., 2013; Costanzo et al., 2013; 
Lanfranchi et al., 2010), whereas performance on tasks assessing common 
EF skills show more variability. Emotional control and organisation of 
materials are comparative strengths (Lee et al., 2015), while inhibition, 
including response inhibition and ignoring irrelevant distractions (Borella et 
al., 2013), appears to show impairment from childhood onwards. Verbal 
fluency ability is commensurate with general intellectual abilities in childhood 
(Carney et al., 2013), before falling behind in comparison to general verbal 
skills in adolescence (Nash & Snowling, 2008).  
 
A potential reason for the lack of studies exploring EF in DS is that assessing 
EF in people with ID is challenging. EF incorporates higher level cognitive 
processes, and many of the tasks used in the non-DS population require a 
level of literacy or working memory that will not be seen in all individuals with 
DS. However, increasing attention has been paid to the development of 
sensitive measures of EF, and other cognitive functions, for individuals with 
DS in recent years (de Sola et al., 2015; Edgin et al., 2010; Liogier d’Ardhuy 
et al., 2015; Startin et al., 2016). Future studies using such batteries will allow 
more detailed exploration of abilities throughout the lifespan.    

 
While no prior neuroimaging studies were found to have considered EF in a 
DS population, one may tentatively suggest relationships with known 
neuroanatomical differences in this population. Individuals with DS show 
frontal hypoplasia (Raz et al., 1995; Teipel & Hampel, 2006; White et al., 
2003; Winter et al., 2000; Wisniewski, 1990) and have been found to display 
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both connectivity disturbances in the prefrontal cortex, and an overall 
simplified pattern of connectivity in adulthood (Anderson et al., 2013; Powell 
et al., 2014; Pujol et al., 2015). Given that connections with the frontal lobes 
and PFC volumes have been shown to relate to EF abilities in the non-DS 
population (Reineberg et al., 2015; Yuan & Raz, 2014), there is good reason 
for exploring such relationships directly in DS.  The importance of such 
studies is emphasised given the link between EF changes and the 
development of dementia in this population (Adams & Oliver, 2010; Ball et 
al., 2008). The following chapter will therefore introduce Alzheimer’s disease 
(AD). EF will be revisited in detail here, with the focus shifting to ageing and 
AD-related decline in EF.  
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3.1 Introduction 
 
Alzheimer’s disease (AD) is a neurodegenerative disorder and the leading 
cause of dementia (Kawas, Gray, Brookmeyer, Fozard, & Zonderman, 
2000). AD is characterised by the presence of intraneuronal neurofibrillary 
tangles (NFTs), formed of hyperphosphorylated tau protein, and extracellular 

neuritic plaques composed of accumulations of amyloid-b protein, in the 
brain (Hyman et al., 2012). Post-mortem studies have shown this 
neuropathology to be universally present in individuals with Down syndrome 
(DS) from the age of 30 (Mann & Esiri, 1989; Wisniewski, Wisniewski, & Wen, 
1985). This population is consequently at exceptionally high risk of 
developing dementia (Coppus et al., 2006; Hithersay, Hamburg, Knight, & 
Strydom, 2017). Yet within the DS population, there is large inter-individual 
variability, both in terms of the distribution of the underlying 
neuropathological features of AD and in the clinical presentation of dementia 
(Sinai et al., 2018; Wisniewski, Wisniewski, et al., 1985). This chapter will 
review AD in DS, with reference to similarities and differences in comparison 
to the non-DS population. Epidemiological findings will be presented first, 
before a more detailed overview of neuropathological, neuroanatomical and 
cognitive changes related to AD.  
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3.2 Epidemiology of dementia due to Alzheimer’s disease 
 
‘Dementia’, or ‘neurocognitive disorder’ as defined in the current Diagnostic 
and Statistical Manual of Mental Disorders (DSM-5), denotes a syndrome of 
progressive, persistent deterioration in cognitive functioning and 
independent living skills, that at present, has no cure (American Psychiatric 
Association, 2013; World Health Organization, 1993). There are several 
subtypes of dementia caused by differing neuropathology, however here, the 
focus will be on dementia due to AD. AD is the most common underlying 
cause of dementia in the general population and accounts for approximately 
70% of cases (Kawas et al., 2000). All cases of dementia in DS are assumed 
to be primarily due to AD given the near universal presence of amyloid-b 
plaques and NFTs, the defining neuropathology of AD, after the age of 30 
years (Mann & Esiri, 1989; Wisniewski, Wisniewski, et al., 1985).     
 
Advancing age elevates both prevalence and incidence of dementia due to 
AD.  For the non-DS population, the Baltimore Longitudinal Study of Ageing 
reported incidence rates of 0.8% (per year) between ages 60 and 64 years, 
increasing to almost 6.5% over the age of 85 (Kawas et al., 2000).  
Prevalence estimates from pooled European data suggest the prevalence 
from ages 65-69 is 0.6%, growing to around 20% of those living over the age 
of 90 (Lobo et al., 2000). AD dementia is more common in women than men 
in the non-DS population, particularly at older ages: above 90 years AD 
dementia is seen in 17.6% of men, but 23.6% of women (Lobo et al., 2000; 
Mielke, Vemuri, & Rocca, 2014). However, sex does not appear to affect 
survival time post-diagnosis (Brookmeyer, Corrada, Curriero, & Kawas, 
2002). Age, conversely, has a strong influence on survival: while the mean 
age of diagnosis is 85 years, those diagnosed at 65 years have a median 
survival time of 8.3 years, compared to just 3.4 years for those who received 
their AD diagnosis at 90 (Brookmeyer et al., 2002).  
 
Dementia due to AD in DS is exceptionally common in comparison, and 
affects individuals at a much younger age. With mean ages of diagnosis 
falling between 50 and 56 years, and median survival times of 3.8 to 7 years, 
this population typically experiences dementia due to AD thirty years earlier 
than the average sporadic AD onset in the non-DS population (Cosgrave, 
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Tyrrell, McCarron, Gill, & Lawlor, 2000; Hithersay et al., 2018; McCarron et 
al., 2017; Sinai et al., 2018; Startin et al., 2016). Prevalence studies in those 
with DS consequently begin from much earlier ages, and show that from 40 
years of age, the prevalence increases steeply. Below 40, less than 5% of 
adults with DS would typically have dementia, increasing to between 6% and 
20% between the ages of 40 and 49, and 25-79% for those over 60 (Coppus 
et al., 2006; Holland, Hon, Huppert, Stevens, & Watson, 1998; Tyrrell et al., 
2001; Visser et al., 1997). The incidence per 100 person years rises from 
2.53 in those under 50 years, to 13.31 in those over 60 (Coppus et al., 2006), 
and the cumulative risk, as calculated from data from a 20-year longitudinal 
study following 77 women with DS, climbs from 23.38% at 50 years of age 
to 88% by age 65 (McCarron et al., 2017). Dementia now plays a leading 
role in mortality in older adults with DS: 70% of those aged over 35 will have 
dementia when they die (Hithersay et al., 2018).  
 
Unlike the pattern seen in sporadic AD, there are no robust sex differences 
in incidence or prevalence of dementia in people with DS, or in mortality 
associated with the disease (Bayen, Possin, Chen, Cleret de Langavant, & 
Yaffe, 2018; Coppus et al., 2006; Hithersay et al., 2018; Sinai et al., 2018). 
Females with DS have been reported to receive dementia diagnoses up to 3 
years earlier than males, however these differences are no longer significant 
when controlling for other influential factors in age at diagnosis, such as 
apolipoprotein E (APOE) genotype (Hithersay et al., 2018; Sinai et al., 2018).  
APOE is a cholesterol transporter (Mahley, 1988), and the APOE gene on 
Chromosome 19 is a known risk factor for late-onset AD in those with and 
without DS (Corder et al., 1993; Hardy, Crook, Perry, Raghavan, & Roberts, 
1994; Lai et al., 1999; Poirier et al., 1993; Rocchi, Pellegrini, Siciliano, & 
Murri, 2003). There are three APOE alleles (e2, e3 and e4) and e4 increases 
AD risk. Although sex differences in dementia onset are not robust in DS, it 
is known that women with DS who experience early menopause also develop 
dementia at a younger age (Coppus et al., 2010; Schupf et al., 2003). In the 
non-DS population, a neuroprotective effect of oestrogen is seen in the years 
prior to menopause (Rocca, Grossardt, & Shuster, 2010). However, at post-
menopausal ages, it appears that oestrogen replacement may actually 
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increase risk of AD, suggesting that the protection awarded by higher 
oestrogen levels is time-dependent (Henderson, 2014).  
 
Despite this ultra-elevated risk for dementia in DS on a population level, there 
is great inter-individual variability in clinical presentation. A study of UK 
medical records found ages of dementia diagnosis in the DS population 
range from 35 to 74 years (Sinai et al., 2018). Understanding the factors that 
influence this variability, given that all individuals will develop AD 
neuropathology in adulthood, remains a key objective for research (Wiseman 
et al., 2015).  
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3.3 Neuropathology and the amyloid hypothesis 
 
The plaques of amyloid-b protein and the NFTs that designate the presence 
of AD in a post-mortem brain were first identified more than 100 years ago, 
with Alois Alzheimer’s original slides being re-examined in the past 30 years 
to explore genetic variables (Graeber, Kösel, Grasbon-Frodl, Möller, & 

Mehraein, 1998). Amyloid-b plaques typically appear first in the neocortex, 
then hippocampal and entorhinal areas, before spreading further throughout 
the brain (Thal, Rüb, Orantes, & Braak, 2002). Distribution of these plaques 
can vary widely between different areas of the brain, and between different 
people. NFTs, in contrast, have been shown to follow a set sequence of 
progression that has allowed staging of the AD disease process: NFTs 
appear first in the entorhinal cortex, then progress systematically through 
limbic areas before reaching the neocortex in the 6th and final stage (Braak 
& Braak, 1991). 
 
The prevailing AD hypothesis of the past 25 years, the amyloid hypothesis, 

posits that the deposition of amyloid-b protein initiates a cascade of events 
that leads to the formation of NFTs and ultimately cell death, causing the 
widespread cortical atrophy seen in the later stages of the disease (Hardy & 
Allsop, 1991; Selkoe, 1991). This is a protracted process, with 
neuropathological changes emerging many years before AD-related 
changes in cognition may be observed  (Jack et al., 2010). People with DS 
were integral to the development of the amyloid hypothesis. Studies of post 
mortem tissue indicated substantial amyloid deposition throughout the brain 
from early adulthood, initiating prior to tau pathology, which follows the same 
staging pattern as seen in the non-DS AD population (Ball & Nuttall, 1980; 
Burger & Vogel, 1973; Hof et al., 1995; Mann & Esiri, 1989; Wisniewski, 
Wisniewski, et al., 1985).  
 
Despite early case studies of dementia in adults with DS (Verhaart & 
Jelgersma, 1952), it was for some time thought that adults with DS have low 
rates of dementia (Owens, Dawson, & Losin, 1971; Ropper & Williams, 
1980). However, as life expectancy increased, it became increasingly clear 
that precocious ageing and dementia were common features of adulthood in 
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DS (Lott, 1982; Oliver & Holland, 1986; Wisniewski, Dalton, McLachlan, 
Wen, & Wisniewski, 1985; Wisniewski, Howe, Williams, & Wisniewski, 1978). 

 
The discovery that the amyloid precursor protein (APP) gene resides on 
Chromosome 21 (the chromosome triplicated in DS) provided a clear genetic 
basis for increased amyloid deposition in DS (de Sauvage & Octave, 1989). 
Further genetic discoveries helped strengthen the amyloid hypothesis: the 
rare duplication of only a small area of Chromosome 21 including the APP 
gene (‘Dup-APP’) has been found to be sufficient to cause early onset AD 
(without features of DS) (Cabrejo et al., 2006; Sleegers et al., 2006). 
Conversely, a woman with DS with partial trisomy of Chromosome 21 
excluding triplication of the APP gene was found to have no 
neuropathological or neuropsychological evidence of AD dementia at her 
death, despite being 78 years of age: nearly 20 years older than the median 
age at death for people with DS at the time (Englund et al., 2013; Prasher et 
al., 1998). Additional evidence stems from patients with autosomal dominant 
familial AD (ADAD). Although the vast majority of non-DS AD cases are 
sporadic in nature, around 1% are due to ADAD, most commonly caused by 
mutations in either the APP gene, or one of the presenilin protein genes 
(PSEN1 and PSEN2) (Ryan et al., 2016).  Presenilin protein forms part of an 

enzyme called gamma secretase that cleaves APP, forming amyloid-b (S. 
Zhang, Zhang, Cai, & Song, 2013). Like those with DS, people with ADAD 
experience a much earlier onset of dementia: around 50 years for those with 
APP mutations and often below 45 for PSEN1 mutations (Ryan et al., 2016).  
 

In vivo studies of amyloid-b deposition became possible with the emergence 
of amyloid-b binding ligands, initially Pittsburgh Compound-B, that could be 
safely used in humans (Klunk et al., 2004). Such radioactive ligands, of which 
several are now in use, are injected, and cerebral binding sites captured by 
positron emission tomography (PET) scans (Barthel et al., 2011; Clark et al., 
2011; Klunk et al., 2004). In the non-DS population, a meta-analysis 
including more than 2000 participants confirmed that amyloid-b binding 

increases with age, is higher in those with an APOE e4 allele, and is related 
to clinical dementia status (Ossenkoppele et al., 2015). PET studies, despite 
their challenges, have been shown to be feasible in DS (d’Abrera, Holland, 
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Landt, Stocks-Gee, & Zaman, 2013; Handen et al., 2012). In recent years, 
several studies have applied the technique to groups of people with DS, with 
results concurring with post-mortem findings: individuals with DS show 
widespread amyloid-b binding that increases exponentially from the age of 
40 years (Annus et al., 2016; Cole et al., 2017; Hartley et al., 2017; Nelson 
et al., 2011; Rafii et al., 2015a; Sabbagh et al., 2015). One potential 
difference seen in DS groups compared to sporadic AD, is that amyloid 
binding is often seen first in the striatum, then prefrontal cingulo-parietal 
regions in DS (e.g. Annus et al., 2016; Lao et al., 2017), whereas in sporadic 
AD, cortical, often frontal, areas show the earliest binding sites (Klunk et al., 
2004). 

 
Despite the substantial body of research implicating amyloid deposition in 
the AD process, its exact role remains unclear. Fibrillar amyloid-b deposition 
accounts for only a very small amount of the heterogeneity in clinical and 
anatomical profiles of dementia (Lehmann et al., 2013). 12% of individuals 
with an existing AD diagnosis had negative amyloid-PET scans in the 
previously noted meta-analysis (Ossenkoppele et al., 2015), and while some 
studies show poorer cognition and a higher likelihood of dementia in those 
with higher levels of amyloid deposition (Annus et al., 2016; Donohue et al., 
2014; S. L. Hartley et al., 2017; Landau et al., 2012; Sabbagh et al., 2015), 
others report no significant association between amyloid deposition and 
cognitive decline, but a clear relationship with NFTs (Giannakopoulos et al., 
2003; Guillozet, Weintraub, Mash, & Mesulam, 2003). 
 
Microvascular changes are also known to be important, and individuals with 
DS, like those with sporadic AD, show reduced epithelial integrity compared 
to non-DS individuals without AD (Drachman, Smith, Alkamachi, & Kane, 
2017). Further, there is evidence of pre-tangle material developing in the 
locus coeruleus (an area in the pons of the brainstem) of people without DS 
under the age of 30, in the absence of amyloid plaques (Braak & Tredici, 
2011).  These findings each raise uncertainty about the sequence of 
pathological processes that lead to dementia due to AD.  
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3.3.1 Neuropathology summary 
 
In brief, the defining features of AD are plaques of amyloid-b, and tangles of 
hyperphosphorylated tau proteins, each of which are near universally 
present in adults with DS (Burger & Vogel, 1973; Hof et al., 1995; Wisniewski, 
Wisniewski, et al., 1985).  The presence of substantial amyloid deposition 
and increased dementia in DS was integral to the development of the amyloid 
hypothesis, which proposes that amyloid deposition is the central trigger 
event in AD (Hardy & Allsop, 1991). However, more than 25 years later, the 
process that links amyloid and tau with the cognitive changes associated with 
AD remains unclear.  
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3.4 AD-related changes in neuroanatomy and function 

 
Having considered the underlying neuropathology of AD, this section will 
briefly review changes with AD as measured by structural and functional 
neuroimaging methods.  
 
The progression of AD from initial neuropathological changes to observable 
deterioration of cognitive abilities includes a process of atrophy that has been 
the subject of substantive research. Structural MRI (sMRI) scans are 
increasingly used in clinical AD research (Frisoni, Fox, Jr, Scheltens, & 
Thompson, 2010). Although additional research is required before multi-
modal imaging is successfully translated into routine clinical practice, a 
growing body of research suggests that AD-related atypical measurements 
in distinct forms of imaging follow a predictable pattern as the disease 
develops, pointing towards the potential for earlier diagnoses than 
measurement of purely cognitive changes allows  (Oxtoby et al., 2018; Teipel 
et al., 2015; Young et al., 2014).  
 
Atrophy in AD correlates strongly with the progression of NFT pathology, and  
progression of cortical atrophy is closely related to deteriorating cognitive 
abilities (Ewers et al., 2011). In a study comparing in vivo sMRI data with 
post-mortem tissue samples, minimal grey matter loss was seen in 
individuals at Braak stages I – IV, half of whom were considered to have 
normal cognitive functioning (Whitwell et al., 2008). In those however at 
stages V and VI, grey matter atrophy was increasingly seen in medial 
temporal, temporoparietal and frontal areas, with more than 95% at stage VI 
having an AD diagnosis (Whitwell et al., 2008). More recent reviews confirm 
that atrophy begins in entorhinal and hippocampal areas, matching early tau 
deposition (Frisoni et al., 2010; Teipel et al., 2015). Hippocampal atrophy 
and increased ventricular size, while more expansive in AD, are also noted 
in general ageing, independent of AD neuropathology (Apostolova et al., 
2012), thus it is imperative that analyses control for age. Nevertheless, visual 
rating scales of hippocampal volume have been found to distinguish AD 
cases from healthy adults and other forms of dementia with 90% sensitivity 
and 85% specificity (Vemuri et al., 2011). Visual scales of hippocampal 
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volume can also predict conversion from mild cognitive impairment (MCI) to 
AD, with a similar degree of accuracy (Frisoni et al., 2010; Teipel et al., 
2015). MCI is characterised by cognitive impairment above that expected for 
one’s age, but with preserved daily living skills. Where the cognitive 
impairment relates to memory, nearly half of those with MCI can be expected 
to convert to AD within three years, compared to around a quarter for those 
whose MCI is non-amnestic (Fischer et al., 2007).  

 
White matter changes are also seen with AD, including demyelination and 
damage to axons in white matter tracts, and there are suggestions that AD 
can be characterised as a disconnection syndrome (Delbeuck, Van der 
Linden, & Collette, 2003). People with sporadic AD (Zhang et al., 2010) and 
ADAD (Chhatwal et al., 2013) show reduced resting state connectivity 
between the posterior cingulate cortex and several brain regions, including 
the hippocampus, and medial prefrontal and inferior temporal cortices, 
extending to fronto-parietal regions as the disease progresses. However, 
large variability in DTI measurements across different testing sites mean 
further research is required before a sensitive and accurate predictive 
measure of functional or structural connectivity is available in the clinic 
(Teipel et al., 2015).  
 
A recent review of AD-related changes in brain function, measured by fMRI, 
PET, and arterial spin labelling which measures tissue perfusion 
(Petcharunpaisan, Ramalho, & Castillo, 2010), confirms that multiple 
changes in brain function can be detected before cognitive decline 

(examined in section 3.5) is observed (Habib et al., 2017). APOE e4 carriers 
and those with pre-symptomatic ADAD, for example, show reduced 
activation compared to non-carriers in hippocampal and temporo-parietal 
areas during memory tasks (Braskie et al., 2013; Nichols et al., 2012).  
 
The development of machine-learning approaches using multiple sources of 
information, including structural and functional neuroimaging results, 
cognitive test results and blood and cerebrospinal fluid (CSF) markers, 
promises earlier, and more accurate diagnostics (Rathore, Habes, Iftikhar, 
Shacklett, & Davatzikos, 2017). Using retrospective data from 338 
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participants in the Dominantly Inherited Alzheimer Network (‘DIAN’) study (a 
multi-national study examining people with ADAD, incorporating 
neuroimaging, CSF, blood and cognitive biomarkers), a recent data-driven 
approach was able to stage the process of AD biomarker progression from 
30 years prior, to 21 years after the age at which each participant’s parent 
first showed symptoms (Oxtoby et al., 2018). Both an events-based model 
using biomarker changes from baseline in different mutation groups, and a 
differential equation model looking at trajectories in longitudinal data, 
concluded the following pattern of biomarker progression:  
 

Þ Cortical, then sub-cortical amyloid deposition seen in PET scans (»24 

± 11years prior to symptom onset) 
Þ Hyperphosphorylated tau seen in PET scans (17 ± 8years prior) 

Þ Tau and amyloid changes seen in CSF 
Þ Neurodegeneration in putamen then nucleus accumbens (6 ± 2 

years) 
Þ Cognitive decline (7 ± 6 years) 

Þ Cerebral hypometabolism (4 ± 4 years) 

Þ Further regional neurodegeneration 
 
 
Such findings are similar to a previous study using the same approach in 
sporadic AD (Young et al., 2014). While sufficient biomarker data are not 
currently available in DS for similarly detailed staging models, the same 
approach can be applied to cognitive data (Firth et al., 2018), which will be 
explored in the following section.  
 
Structural MRI and PET studies in those with DS suggest a similar pattern of 
atrophy in DS/AD to that seen in sporadic AD, with amyloid binding preceding 
structural changes (Lao et al., 2017; Neale, Padilla, Fonseca, Holland, & 
Zaman, 2018).  The pre-AD structure of the DS brain differs from the general 
population (see section 1.3). However, following onset of amyloid 
neuropathology, those with DS show progressive atrophy in sub-cortical 
areas including the hippocampus, thalamus and striatum and show thinning 
of the cortex in posterior areas, comparable to that seen in non-DS AD 
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(Annus et al., 2017). In a two-year longitudinal study of 42 adults with DS, 
volume reductions were seen in the basal forebrain, hippocampus, lateral 
temporal cortex and left arcuate fasciculus (Pujol et al., 2018). A larger 
decrease in grey matter volume in the hippocampus and substantia 
innominata was seen in those who converted from being cognitively stable, 
to showing MCI or dementia. Further, volume reduction in the hippocampus 
was associated with a decline in overall memory score, whereas prefrontal 
volume reduction was associated with prospective memory decline (Pujol et 
al., 2018). Hippocampal volume is also related to memory functioning in 
adults with DS in the prodromal period of AD (Krasuski, Alexander, Horwitz, 
Rapoport, & Schapiro, 2002).  
 
White matter integrity is poorer in adults with DS than non-DS age-matched 
controls, predominantly in frontal areas (Powell et al., 2014). However, 
further reductions in FA are also related to dementia status, with lower FA 
seen in the corpus collosum, posterior forceps major and frontal regions in 
those with DS and dementia than that seen in participants with DS with no 
signs of decline (Powell et al., 2014). Disrupted connectivity in posterior 
tracts is also seen in adults with DS showing positive amyloid binding in PET 
scans (Neale et al., 2018). 
 
In addition to the literature reviewed above, several prospective international             
studies are underway, with the aim of examining structural and biomarker 
changes related to AD in DS longitudinally (Fortea et al., 2016; NIH, 2018; 
Rafii et al., 2015a). However, despite this increased research focus, people 
with DS remain comparatively absent from the functional neuroimaging 
literature. A recent review of neuroimaging modalities to assess AD 
specifically in those with DS made no mention of fMRI, or any other methods 
of direct assessment of brain function during cognitive tasks (Neale et al., 
2018). Given evidence that functional changes related to AD may be 
observed prior to cognitive decline (Habib et al., 2017), this knowledge gap 
warrants attention. In a proof of principle paper from researchers at 
Cambridge University regarding sMRI and PET scans in people with DS,  just 
8/13 participants with DS who were seen for the pilot study completed the 
scans (d’Abrera et al., 2013). Fear (of the scanner and of injections), metal 
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implants, and difficulty staying still were all cited as reasons for non-
completion, suggesting MRI and PET scans are simply not suitable for some 
individuals with DS.  
 

3.4.1 Section summary  
 
Thus, individuals with DS appear to follow a similar trajectory of changes in 
brain structure to that seen in non-DS AD, with atrophy noted in medial 
temporal areas, increasingly enlarged ventricles, and atrophy spreading to 
temporoparietal and frontal areas of the cortex as the disease progresses 
(Annus et al., 2017; Ewers et al., 2011; Lao et al., 2017; Teipel et al., 2015). 
Connectivity is disturbed, with connections to posterior cingulate cortex being 
of particular relevance in AD (Chhatwal et al., 2013; Powell et al., 2014; 
Zhang et al., 2010). However, these changes are happening within a different 
context in DS. Structural and functional atypicalities are seen in DS 
throughout development (Anderson et al., 2013; Beacher et al., 2010; Raz et 
al., 1995; White et al., 2003), which may leave some areas and networks 
especially vulnerable to AD-related assaults.  
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3.5 Cognitive changes 
 
AD is, from a cognitive point of view, primarily a disease of memory. Decline 
in episodic memory is a defining cognitive feature, and can be identified in 
the prodromal stages of the disease, many years before a diagnosis of 
dementia (or now neurocognitive disorder) is received (Bäckman, Jones, 
Berger, Laukka, & Small, 2005; Bäckman, Small, & Fratiglioni, 2001; Dubois 
et al., 2010). This section will first describe the pattern of cognitive changes 
associated with AD in the non-DS population, before examining changes in 
DS in more detail.  
 
In the DSM-5 (American Psychiatric Association, 2013), the term ‘dementia’ 
was replaced by ‘neurocognitive disorder’ (NCD). While the term ‘dementia’ 
is used throughout this thesis, as a heuristic allowing straightforward 
comparison with prior work, it is helpful to examine the new diagnostic criteria 
as they reflect updated findings concerning the cognitive features of AD.  
NCDs affect an individual’s cognitive functioning to varying degrees: in minor 
NCD, the person’s everyday independence is not compromised, whereas in 
major NCD, changes in cognition are sufficiently substantial to impact on an 
individual’s ability to be independent. These cognitive deficits must be 
acquired (i.e. not present from childhood), must not solely be seen in a 
background of delirium, and must not be better explained by another 
disorder. NCDs are further characterised by their underlying cause. In NCD 
due to AD, there must be clear evidence of memory decline, in addition to 
decline in at least one of the following cognitive domains: complex attention, 
executive function, language, perceptual-motor, and social cognition. Thus, 
while AD retains its character as a memory disorder, there is 
acknowledgement that other cognitive deficits will be present.  
 
Episodic memory deficits in AD are thought to relate to impairments at all 
stages of the memory process, namely encoding the information received, 
storing it, and later retrieving it (Peña-Casanova, Sánchez-Benavides, de 
Sola, Manero-Borrás, & Casals-Coll, 2012; Tromp et al., 2015). In a 

longitudinal study of older adults (average age »70 at baseline), healthy 

APOE e4 carriers (n=152) show increased episodic memory decline over a 
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three-year time period compared to non-carriers (n=420), whereas those 

with an APOE e4 allele who already have MCI (n=64) will show decline in 
multiple cognitive domains, including episodic memory, perceptual speed 
and EF (Albrecht et al., 2015). 

 
Different regions of atrophy relate to different parts of the episodic memory 
process in AD. In an auditory verbal learning task, scores in later immediate 
memory trials were found to correlate with medial temporal lobe structure 
volumes, whereas earlier trials were more closely linked with networks 
related to working and semantic memory (including dorsolateral PFC, 
parietal lobes, and supramarginal and angular gyri), and delayed memory 
was related only to medial temporal area volumes (Wolk & Dickerson, 2011).  
 
Longitudinal data from a French epidemiological study showed that semantic 
memory changes can begin at least a decade before a dementia diagnosis 
is received (Amieva et al., 2008). Deficits in concept formation and working 
memory followed, still up to 8 years before diagnosis. However, this study 
did not have direct measures of episodic memory, and the measure they 
used for semantic memory was the semantic verbal fluency task. While 
semantic memory is a key component, this task relies strongly on executive 
abilities. While this study cannot determine the timescale of episodic memory 
and other cognitive deficits, it does suggest that executive functions may 
show some early disturbances. Episodic memory, EF and verbal intelligence 
were all assessed as part of the Baltimore Longitudinal Study of Ageing, and 
in those who went on to develop AD, it was found that episodic memory 
decline accelerates 7 years prior to diagnosis, followed by EF 2-3 years prior, 
before language skills start to decline around the time someone is diagnosed 
with dementia (Grober et al., 2008).   
 
Looking more closely at EF, there have been a number of studies that have 
shown EF disturbances in AD (Baudic et al., 2006; Buckner, 2004; Espinosa 
et al., 2009; Esposito et al., 2010; Kirova, Bays, & Lagalwar, 2015). For 
example, working memory deficits can be seen in MCI stages (Kirova et al., 
2015). In those with very mild AD, deficits have been reported in cognitive 
flexibility, self-monitoring, reasoning and concept formation alongside early 
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episodic memory changes (Baudic et al., 2006). Baudic et al. (2006) also 
found that those with mild AD had difficulty in a similarities test, and that 
these EF factors each showed decline prior to praxis and language decline.  
 
Behavioural and psychological symptoms are also frequently seen in 
dementia (BPSD) (McKeith & Cummings, 2005). In AD, these may include 
apathy, agitation, depression, anxiety, and in rare cases, delusions or 
hallucinations (Esposito et al., 2010; McKeith & Cummings, 2005). As AD 
advances, cognitive decline will gradually become more widespread, and 
individuals will need increasing support with their daily living skills. Nearly a 
quarter of those with AD will also develop seizures at later stages (Horváth 
et al., 2018).  
 

3.5.1 Cognitive decline in Down syndrome  
 
Cognitive changes associated with AD in DS develop on a very different 
cognitive background (see sections 1.4 and 2.4). Although measuring 
decline in a population with pre-existing ID is challenging, clinical dementia 
diagnoses have been shown to be robust in this population (Sheehan et al., 
2015), and substantial progress has been made in recent years to develop 
cognitive measures that are sufficiently sensitive to track subtle decline at 
the earliest stages (de Sola et al., 2015; Liogier d’Ardhuy et al., 2015; Startin 
et al., 2016).  
 
A contentious finding in the DS population is that changes in behaviour,  
personality, and EF may occur at the earliest stages of AD progression, prior 
to changes in memory (Ball et al., 2006, 2008). This would suggest that the 
cognitive trajectory of AD in DS differs from that seen in the non-DS 
population. In the decade following these findings, this hypothesis has been 
considered in multiple studies, with contradictory results presented (Adams 
& Oliver, 2010; Ball et al., 2008; Firth et al., 2018; Krinsky-McHale, Devenny, 
Kittler, & Silverman, 2008; Krinsky-McHale, Devenny, & Silverman, 2002; 
Startin et al., 2018). We will consider some of these studies in greater detail.   
 
In a prospective longitudinal study including 55 adults with DS, participants 
showing early personality and behavioural changes were 1.5 times more 
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likely to progress to a diagnosis of either AD or dementia of the frontal type 
(‘DFT’, characterised by personality / behaviour changes present for at least 
six months; evidence of ‘frontal dysfunction’ and relative preservation of 
memory) five years later than those not showing these early personality and 
behavioural changes (Ball et al., 2006). Those who met criteria for DFT at 
baseline were 1.5 times more likely to have converted to AD than those 
without DFT. Results were based on data from the Cambridge Examination 
for Mental Disorders of Older People with Down's Syndrome and Others with 
Intellectual Disabilities (CAMDEX-DS): a clinical interview with an informant, 
used to examine decline in personality, behaviour and abilities in relation to 
dementia (Holland & Huppert, 2006). A direct cognitive assessment was also 
completed with participants. The CAMCOG, part of the CAMDEX, was used 
as a measure of global cognition. Distinct subscales were also derived, to 
examine the sequence of cognitive decline. The ‘EF and attention’ subscale 
included abstract thinking, attention/calculation, verbal fluency and a clock 
drawing task. The ‘memory and orientation’ subscale included measures of 
remote memory (in this case akin to semantic memory i.e. ‘Who is John 
Lennon?’), recent memory, incidental learning, intentional learning and 
orientation.  For those aged under 50 who had no sign of decline, those with 
personality and behavioural changes and those who met criteria for DFT at 
baseline, a larger mean difference in scores was seen for the EF and 
attention, compared to the memory subscale, over the five years of the study.  
Those aged over 50 at baseline showed similar decline in both measures, as 
did those who already had AD at baseline.  
 
Ball and colleagues (2008) later assessed EF and memory in a cross-
sectional sample of 103 adults with DS, of whom 25 had a diagnosis of AD. 
Tasks included a semantic verbal fluency task, cat and dog Stroop (a 
measure of rule learning, shifting, inhibition), a spatial reversal task, the 
Tower of London, ‘scrambled boxes’ (a working memory/response inhibition 
task), an object memory task and a prospective memory task, in addition to 
informant report measures of personality, behaviour, memory and general 
abilities. A diagnosis of AD predicted poorer performance on all tasks. In 
those who did not meet criteria for AD, age was significantly related to 
performance in the ToL, prospective and delayed memory tasks and all other 
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tasks showed trends. When looking at informant-reported personality and 
behavioural change in those without AD, the number of changes observed 
predicted performance on two measures of EF (ToL and scrambled boxes) 
and two measures of memory that each had an executive component 
(prospective memory and object memory). No relationship was found with 
episodic memory.  
 
A separate group looked at changes in behaviour and EF over a 16-month 
period, in a group of 30 adults with DS with mild or moderate ID aged 34 to 
64 years (Adams & Oliver, 2010). 10 of the 30 adults showed significant 
deterioration in at least two sub-scales of the Neuropsychological 
Assessment of Dementia in Individuals with Intellectual Disabilities (Crayton, 
Oliver, Holland, Bradbury, & Hall, 1998) during this time period. These 10 
individuals also displayed significant decline in EF (using a composite 
measure, formed from performance in the Tower of London, cat and dog 
Stroop, Weigl card sort and scrambled boxes tasks) in the presence of an 
increase in behavioural excess, neither of which were seen in those without 
general cognitive deterioration. This combination of EF decline and 
increased behavioural problems was found not to be related to decline in 
memory, supporting the earlier work by Ball et al. (2008, 2010) and 
suggesting a specific early change in EF and behaviour, rather than global 
deterioration.  
 
In younger adults (17-34 years) with DS, semantic verbal fluency pattern is 
related to Aβ42 concentration in the plasma, such that poorer performance is 
seen in those with higher Aβ42 concentration (Hoyo et al., 2015). These 
results suggest that an executive task used in the years prior to dementia 
may track possible decline. 
 
More recent work from one of the largest deep cognitive phenotyping studies 
of adults with DS to date, undertaken by our research group, has allowed 
more fine-grained analyses of cognition in this population. Using an event-
based model, like that used in biomarker studies of sporadic AD and ADAD 
(Oxtoby et al., 2018; Young et al., 2014), cross-sectional data from 283 
adults with DS was used to stage the process of cognitive decline associated 
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with AD (Firth et al., 2018). 16 outcome measures, from tasks of memory, 
EF, attention, motor co-ordination and informant reports of memory and 
adaptive abilities, suggest that the outcomes showing the earliest decline are 
those related to sustained attention, paired associates learning, hand-eye 
coordination and verbal fluency. Tower of London and object memory scores 
came next, whereas informant-reported changes in memory and adaptive 
skills came latest in the model. While these results require confirmation with 
longitudinal data, they suggest that sensitive memory measures can identify 
early decline, but that informant reports do not tend to identify changes until 
later in the progression of the disease.  
 
Additional analysis of this data by our group examined changes in these 
tasks in relation to age in 5-year bands, and diagnostic group, comparing 
those in pre-clinical, prodromal and clinical dementia groups (Startin et al., 
2019). As all adults with DS can be expected to show AD neuropathology 
from their mid 30s (see section 3.3), the authors argue that anyone with DS 
aged over 35 is in the preclinical stage of AD in the absence of clinical 
symptoms. Those who are showing signs of decline that do not meet 
diagnostic thresholds are considered to be in the prodromal stages. In these 
analyses, the paired associates learning score noted above, and the 
standard deviation of response time in an attention task were the only 
cognitive tasks to show significant differences between those in preclinical 
and prodromal stages. All memory tasks (and informant reported memory 
scores) showed significant differences between those in prodromal and 
clinical dementia stages, as did the Tower of London, set-shifting, attention 
and motor coordination measures. In these analyses, verbal fluency 
performance was not significantly different between the preclinical and 
prodromal groups, or prodromal and clinical dementia groups, but showed 
strongly significant decline with age from 46 years, compared to adults aged 
16-30 years.  
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To conclude, in sporadic and ADAD, changes in episodic memory are most 
commonly the earliest cognitive changes noted. New definitions of NCD 
acknowledge that decline will also be evident in other cognitive domains 
once someone is at the diagnostic stage, and several studies have shown 
subtle changes in memory and EF in the prodromal period of AD. The DS 
literature similarly shows that memory decline is the predominant feature of 
AD dementia, but some studies additionally indicate that measures of EF and 
hand-eye coordination show early changes in this group. Large, longitudinal 
studies with sensitive measures are required to provide more definitive data 
on the sequence of AD-related cognitive decline in this population.  
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3.6 Chapter summary 
 
Adults with DS are at exceptionally high risk of developing dementia due to 
AD. Neuropathological features of AD, namely amyloid plaques and NFTs, 
are present in nearly all individuals with DS from early adulthood. People with 
DS were integral to the development of the amyloid hypothesis, which 
proposes that amyloid deposition initiates a cascade of events that spurs the 
development of NFTs and later cell death, causing substantial cortical 
atrophy in advanced stages of the disease. This pattern of atrophy is similar 
in those with AD with and without DS, commencing in entorhinal and 
hippocampal areas, extending throughout medial temporal, then temporo-
parietal and frontal cortical areas.  

 
Dementia due to AD is characterised by early decline in episodic memory, 
with decline in further cognitive processes becoming increasingly apparent 
as the disease progresses. In those with DS, it has been suggested that 
decline in EF may be a particularly early feature of dementia, although 
contrasting results have been reported. In those without DS, AD-related 
changes in brain function can be identified before cognitive decline is 
observed. However, individuals with DS have been largely excluded from 
functional neuroimaging studies.   
 
Neuroimaging modalities, such as MRI and PET, can be challenging to use 
in people with DS. Exploring alternative modalities may provide novel 
opportunities to address the current lack of functional neuroimaging research 
in this population. The following chapter will present a neuroimaging modality 
called functional near infrared spectroscopy (fNIRS). fNIRS uses near 
infrared light to provide proxy measures of neural activity in the cortex, but in 
a much less restrictive environment than that required for MRI or PET scans.  
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4 Functional near infrared 
spectroscopy  
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4.1 Introduction 
 
Functional near infrared spectroscopy (fNIRS) uses light to provide a non-
invasive method of imaging activity in the outer cortex of the brain, by 
exploiting oxygenation-dependent changes in the optical properties of the 
blood (Cooper & Boas, 2015). fNIRS systems are relatively robust to motion 
artefacts, therefore data acquisition can take place in a less restrictive setting 
than that typically required for other neuroimaging methods, particularly MRI 
and PET. Both temporal and spatial data can be acquired, and the area(s) of 
cortex to be sampled can be customised based on the focus of the research 
being conducted. Such properties have seen fNIRS become an increasingly 
popular choice for neuroimaging research in infants and clinical populations 
for whom other imaging methods may be unsuitable (Ferrari & Quaresima, 
2012; Lloyd-Fox et al., 2010).  
 
The past decade has seen a sufficient number of studies published to allow 
review papers regarding the application of fNIRS to executive functioning 
studies in young children and adults (Joanette et al., 2008; Moriguchi & 
Hiraki, 2013), and to differences in functional activation with ageing 
(Agbangla, Audiffren, & Albinet, 2017) and AD (Chou & Lan, 2013). These 
successful prior applications suggest fNIRS could provide an exceptionally 
useful tool for functional neuroimaging research investigating ageing and AD 
in people with DS.  
 
This chapter will provide an overview of the principles that underlie fNIRS, 
followed by a review of previous fNIRS studies that have addressed areas 
relevant to the current research, namely executive functioning, intellectual 
disability, ageing and Alzheimer’s disease.  
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4.2 fNIRS: Basic Principles  
 

Spectroscopy is the study of how electromagnetic radiation and matter 
interact.  fNIRS uses near infrared light within a set range of wavelengths 
from approximately 650nm to 950nm, and measures the change in light 
intensity that occurs when this light interacts with tissue, which for 
neuroimaging purposes includes skin, skull and brain (Cooper & Boas, 
2015).  In this section, we will explore how this information can be used to 
measure changes in the oxygen concentration of blood in the cortex (Jobsis, 
1977), which in turn provides a proxy measure of neural activity comparable 
to the blood oxygenation level dependent (BOLD) signal used in functional 
magnetic resonance imaging (fMRI) (Johnsrude, Ingrid, 2005). 

 
 
4.2.1 Neurovascular coupling  
 
Like fMRI, fNIRS relies on the processes of ‘neurovascular coupling’, which 
maintain glucose and oxygen levels in the brain, to infer a measure of neural 
activity (Cooper & Boas, 2015; Johnsrude, Ingrid, 2005). During 
neurovascular coupling, an initial increase in glucose and oxygen 
metabolism by active brain cells is met by local vasodilation and a large 
increase in blood flow. While this increased flow replenishes glucose in 
proportion to the increased demand, the influx of oxygen tends to exceed 
what is required (Heeger & Ress, 2002; Leithner & Royl, 2013).  
 
These changes in oxygen concentration can be monitored by different 
haemodynamic neuroimaging methods as haemoglobin, the iron-rich 
molecule that carries oxygen in the blood, displays measurable differences 
in several properties in relation to its oxygenation status. For fMRI, it is 
oxygen-dependant changes in the magnetic properties of haemoglobin that 
enable changes in oxygen concentration to be measured. fNIRS, in turn, 
exploits haemoglobin’s changing optical properties (Cooper & Boas, 2015). 
 
During this haemodynamic response to increased neural activity, one 
expects to see a brief, initial decrease (the ‘initial dip’) in the concentration of 
oxygenated haemoglobin (HbO2) and increase in deoxygenated 
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haemoglobin (HbR) as oxygen is consumed. This is followed approximately 
two seconds later by a decrease in HbR and larger increase in HbO2 that 
occur with the aforementioned increase in blood flow (Heeger & Ress, 2002). 
In the final phase, a small undershoot may be seen before HbO2 

concentrations revert to baseline level. Whether this large increase in blood 
flow serves primarily to deliver glucose or oxygen remains a topic of 
continued research, with evidence supporting both possibilities. Synaptic 
activity is associated with glucose metabolism, and one possibility is that the 
increased blood flow is prompted by the presence of lactate, which is 
released as astrocytes use glucose (Heeger & Ress, 2002). This increase 
thus serves to restore glucose levels, and the level of oxygenation is 
irrelevant. An alternative argument posits that the increase in blood flow 
functions to restore oxygen levels. It is thought that the over-compensation 
seen during neurovascular coupling reflects reduced efficiency in the 
process of passive diffusion used to extract oxygen from the blood at higher 
flow rates (Heeger & Ress, 2002). 
 
The specific aspect(s) of ‘neural activity’ that haemodynamic responses are 
coupled with, and that directly underpin cognition, also remain active areas 
of research (Singh, 2012). However, several lines of evidence support the 
use of the haemodynamic response as a proxy measure of neural activity. 
Comparative studies using single-unit recording in monkeys and fMRI in 
humans have shown a directly proportional relationship between fMRI 
signals and average firing rates (Heeger, Huk, Geisler, & Albrecht, 2000; 
Rees, Friston, & Koch, 2000). Later research found that local field potentials 
(LFPs) are even better at predicting the fMRI BOLD response (Goense & 
Logothetis, 2008). LFPs reflect post-synaptic potentials in a group of 
neurons, as well as voltage-dependant membrane oscillations and after-
potentials that come from soma-dendritic spikes, suggesting that this 
haemodynamic measure reflects input and intra-cortical processing as 
opposed to output from pyramidal cells (Logothetis, 2008).   
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4.2.2 Using haemoglobin to image brain activity  
 
fMRI techniques use data concerning changes in the inhomogeneity of a 
magnetic field to create images of brain function. Changes in the level of 
oxygen in the blood (i.e. the BOLD contrast) affect image intensity. HbO2 
itself is diamagnetic (it is slightly repelled by external magnetic fields), and 
HbO2 concentration changes have little effect on the magnetic field and 
image intensity (Heeger & Ress, 2002; Johnsrude, Ingrid, 2005).  HbR, 
however, is paramagnetic, meaning that it can be attracted by an external 
magnetic field. An increase in HbR concentration distorts nearby magnetic 
fields, and decreases the intensity of the image that is acquired. Conversely, 
a decrease in HbR concentration, as seen during the influx of oxygenated 
blood in neurovascular coupling, will cause in increase in image intensity. It 
is therefore inferred that areas showing increased image intensity are more 
‘active’ than areas with lower image intensity.  
 
fNIRS techniques use changes in light intensity that occur as near infrared 
light passes through the head, to infer brain activity. There are three ways in 
which light may interact with biological tissues: reflectance (the proportion of 
photons that bounce back from the surface), absorption (the transfer of 
energy from photon to matter) and scattering (the diffusion or deflection of 
photons within the matter). It is the absorption and scattering of near infrared 
light that are of importance for fNIRS.  
 
The amount of light absorbed or scattered within a tissue will vary with the 
light’s wavelength and the tissue’s concentration of chromophores, the light-
absorbing components that give molecules their colour (Jobsis, 1977). 
Several chromophores are present in human tissue, including collagen, fat, 
protein, water, melanin, haemoglobin and cytochrome oxidase (a large 
transmembrane protein that functions as the final enzyme in the respiratory 
electron transport chain) (Scholkmann et al., 2014; Wong-Riley, 1989). 
Figure 1 shows the absorption spectra of these chromophores in human 
tissue (on a natural logarithm base), with the optical window between 650nm 
and 950nm highlighted. This optical window provides the environment 
necessary for fNIRS to work. At these wavelengths, photons are much more 
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likely to be scattered than absorbed, meaning near infrared light can pass 
relatively easily through several centimetres of tissue (Jobsis, 1977). Water, 
collagen and proteins absorb little light within this window, whereas 
haemoglobin will absorb different quantities of NIR light dependant on its 
level of oxygenation.  
 

 
 
 

 

 

 

 

 

 

 

 

Figure 1: Absorption spectra of various chromophores 
HHb = Deoxygenated haemoglobin, O2Hb = oxygenated haemoglobin, CtOx = cytochrome 

oxidase 
 

Reproduced with permission from Scholkmann et al., (2014; Elsevier). License number 
4613080413573. 

 
 
 
The isosbestic point for haemoglobin, which is where the absorption 
coefficient for oxygenated (HbO2) and deoxygenated (HbR) haemoglobin are 
identical, falls around 800nm (Figure 1) (Zijlstra, Buursma, & Assendelft, 
2000). Measuring changes in light intensity of two wavelengths of NIR light 
either side of this point allows calculation of concentration changes for HbO2 

and HbR independently with fNIRS (Delpy & Cope, 1997). The following 
section will outline how the changes in light intensity that are measured by 
fNIRS are converted into changes in oxygen concentration.  
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4.3 fNIRS: Turning light intensity into a proxy measure of 
neural activation  

 
 
fNIRS systems measure the loss in light intensity that occurs when near 
infrared light is introduced from a source at the scalp, and detected by a 
detector placed a short distance away. Sources and detectors are arranged 
into ‘channels’ of set lengths, and the relationship between the intensity of 
light that is shone in and subsequently detected can be modelled using the 
modified Beer-Lambert law (MBLL) (Delpy et al., 1988). The MBLL models 
the loss of light intensity that occurs as light passes through any highly 
scattering medium, such as brain tissue. The MBLL gives a measure of 
optical density (OD), which describes how well a given material slows down 
the transmission of light: 

 

!" =	 %%&
	= '()*+,			 + . 

  
Equation 1: Modified Beer-Lambert Law (MBBL) 

 

 

 

 

 

where 
% = intensity of the detected light 
%&   = intensity of the light input 
/  = distance between the light source and detector 
" = the differential path length factor (DPF) 
01			 = absorption coefficient of the tissue  

(i.e. the sum of the absorption coefficient of each chromophore 
present in the tissue) 

. = loss of light intensity due to scattering 
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In tissues where light is more likely to be scattered than absorbed, photons 
will not move in a straight line from source to detector, but follow a ‘random 
walk’ around the tissue in this space (Cooper & Boas, 2015). This random 
movement increases the average distance travelled by each photon, thus 
increasing the chance that a photon will be absorbed.  

 
The mean optical path travelled by photons moving between a given light 
source and detector is given by the product of the differential path length 
factor (DPF) and the source-detector (i.e. ‘channel’) distance.  The DPF 
varies with changes in the scattering and absorptive properties of the tissue, 
which themselves change with fluctuations in chromophore concentration. 
The distance travelled by any given photon can be measured directly using 
time-resolved, or frequency domain NIRS devices, which measure both light 
intensity and photon transit time (Delpy & Cope, 1997). On average, photons 
move through the tissue between a light source and a detector in a 
characteristic ‘banana’ shape (Figure 2, adapted from Hillman (2007)), with 
increasing source-detector distance extending the ‘banana’, and thus the 
depth of tissue that can be sampled (Strangman, Li, & Zhang, 2013).  

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 

 
 
  

Figure 2: 'Banana' curve of light passing between a source and detector 
Image adapted from Hillman (2007; SPIE Digital Library, Open Access) 
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However, financial and physical barriers to using time-resolved and 
frequency domain systems have seen cheaper, smaller ‘continuous wave’ 
(CW) systems become the primary method for obtaining fNIRS data (Ferrari 
& Quaresima, 2012; Scholkmann et al., 2014). CW fNIRS systems are 
capable of measuring changes in light intensity, but not the time of flight of 
photons, thus cannot be used to directly measure each photon’s path 
(Scholkmann et al., 2014). In order to still use CW fNIRS to model the 
attenuation in light intensity over a given space, an a priori DPF is used in 
the MBBL, based on publications that have measured the DPF at a range of 
NIR wavelengths in a variety of different tissues, including different areas of 
the scalp relevant for neuroimaging purposes (e.g. Duncan et al., 1995; Zhao 
et al., 2002). The current study will use a CW system, thus henceforth, fNIRS 
will refer specifically to CW fNIRS.  
 
As the concentration of a given chromophore in a given area of the cortex 
changes, the scattering and absorptive properties of that tissue will change, 
thus too will the intensity of light that reaches a detector from its source when 
passing through. Using the MBBL to quantify absolute changes in the 
concentration of a chromophore requires knowledge of the intensity of light 
shone in (I0), and the losses that occur due to scattering (.). Coupling the 
optical fibres used to deliver the NIR light with the scalp can be challenging, 
rendering the exact intensity of light shone in through the scalp (I0) unknown. 
Similarly, it is not always possible to quantify the amount of light lost to 
scattering (.). However, over short periods of time, it can be assumed that 
each of these factors remains constant. By measuring changes in optical 
density between two time points, these factors can be removed from the 
equation, enabling calculation of a change in absorption coefficient of a 
tissue from the change in detected light intensity  (Boas et al., 2001; Delpy & 
Cope, 1997). 
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Equation 2 
 
where  

 
 ).  = light intensity at time point 1  
)*  = light intensity at time point 2 
 
Solving Equation 2 for two different wavelengths of light, either side of the 
isosbestic point for haemoglobin (800nm, as mentioned in 4.2.2) will allow 
concentration changes for both HbO2 and HbR to be obtained. Figure 3 
shows a classic haemodynamic response function (HRF) measured by 
fNIRS in the motor cortex (Cooper & Boas, 2015).  Here we can see the 
‘initial dip’ in HbO2 as a 2-second motor task starts at time=0, followed by a 
large increase in HbO2 and smaller, but corresponding decrease in HbR, 
each of which then make their way back to baseline over a period of several 
seconds.  
 

 
 
 
  

Figure 3: Classic haemodynamic response function. 
Data acquired from motor cortex during a 2s duration motor task 

 
Image reproduced with permission from Huppert, Hoge, 

Diamond, Franceschini and Boas (2016; Elsevier). 
License number 4613090516138. 
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While two wavelengths are most commonly used in CW fNIRS systems, 
broadband systems employing multiple wavelengths of light can also be 
used to measure changes in other chromophores, such as cytochrome-C-
oxidase (Bale, Mitra, Meek, Robertson, & Tachtsidis, 2014). 

 
Forty years have now passed since Jobsis published evidence that NIR light 
could pass from scalp through cortex and back, to record changes in blood 
flow and the balance between HbO2 and HbR (Jobsis, 1977). The application 
of these principles for functional neuroimaging research was initiated 15 
years later, since which time continued advances in biomedical optics and 
experimental design have seen fNIRS be adopted for an increasingly diverse 
range of functional neuroimaging studies (Cutini, Moro, & Bisconti, 2012; 
Ferrari & Quaresima, 2012; Quaresima & Ferrari, 2016). The following 
section will consider the advantages and challenges of using fNIRS for 
functional neuroimaging, in comparison to other modalities.  
 

 

  



4 Functional near infrared spectroscopy 
 

 99 

4.4 fNIRS: Advantages and challenges  
 

fNIRS systems acquire temporal and spatial data. Temporal resolution, at 
around 10Hz for multi-channel fNIRS devices, is poorer than the millisecond 
accuracy of EEG, but substantially better than other haemodynamic 
neuroimaging methods such as fMRI and PET; spatial resolution conversely 
is better for fNIRS systems than EEG, but lower than that achieved with fMRI 
(Irani, Platek, Bunce, Ruocco, & Chute, 2007). Where high-resolution MRI 
scans can provide structural images of the brain to submillimetre accuracy 
(Goense, Bohraus, & Logothetis, 2016), fNIRS is limited to acquiring data 
from cortical areas, with deeper structures inaccessible and spatial accuracy 
in the order of several centimetres, although high-density systems may 
reduce this to around 1cm (Eggebrecht et al., 2014). Yet this compromise in 
spatial or temporal resolution comes with unique advantages that allow 
fNIRS to be used in populations and experimental settings not possible with 
other techniques.  
 
In comparison to other haemodynamic neuroimaging methods, such as MRI 
or PET, the systems used for fNIRS are substantially smaller and cheaper 
(Begus et al., 2016; Jasińska & Guei, 2018; Lloyd-Fox et al., 2016; Lloyd-
Fox, Papademetriou, et al., 2014), and several full-fibre systems are 
sufficiently portable to allow data acquisition in remote, temporary lab 
locations (Begus et al., 2016; Jasińska & Guei, 2018; Lloyd-Fox et al., 2016; 
Lloyd-Fox, Papademetriou, et al., 2014).  Light sources and detectors, also 
called ‘optodes’, can be attached to the scalp in several different ways, from 
rigid, spring-loaded arrays that ensure close contact with the scalp, to 
flexible, custom-made silicon bands that are sufficiently comfortable for use 
with infants (Lloyd-Fox, Blasi, & Elwell, 2010; Scholkmann et al., 2014). 
fNIRS acquisition allows for greater movement than other neuroimaging 
methods, with the introduction of fibreless systems promising increasing 
flexibility (Chitnis et al., 2016; Funane et al., 2017; Pinti et al., 2015). fNIRS 
can therefore accommodate more diverse clinical populations, and 
increasingly naturalistic cognitive and motor tasks, compared to methods 
which require participants to lay still within a confined scanning machine 
(Quaresima & Ferrari, 2016).  
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MRI scanners use intense magnets that preclude participation from anyone 
with ferrous metal in their body, and the noise level inside the scanner can 
reach 130 decibels (More et al., 2006), making research on hearing, or using 
tasks requiring verbal communication, very difficult. fNIRS data acquisition, 
in comparison, has little perceptible noise, which has allowed fNIRS studies 
to substantially contribute to our understanding of language in the brain, both 
during development and in adult healthy and clinical populations (Benavides-
Varela, Gómez, & Mehler, 2011; Dieler, Tupak, & Fallgatter, 2012; 
Quaresima, Bisconti, & Ferrari, 2012). As fNIRS has no contraindications for 
metal or electronic devices, it has even been used to monitor the success of 
cochlear implants (Lawler, Wiggins, Dewey, & Hartley, 2015; Saliba, 
Bortfeld, Levitin, & Oghalai, 2016), offering the possibly of predicting 
outcomes for future potential implant recipients. This lack of system noise is 
important for those with DS, as hearing impairments are common (Evenhuis, 
Theunissen, Denkers, Verschuure, & Kemme, 2001), and verbal 
communication is relied upon heavily during testing, as many participants 
have limited reading abilities and difficulty remembering instructions 
(Baddeley & Jarrold, 2007; Boudreau, 2002; Godfrey & Lee, 2018).  
 
A further advantage of fNIRS is its capability of measuring changes in blood 
flow, and both HbO2 and HbR concentration, providing additional information 
to that obtained in the BOLD signal used in fMRI (see section 4.2.2) (Boas, 
Dale, & Franceschini, 2004; Irani et al., 2007). This offers not only greater 
possibilities for understanding brain function, particularly during development 
or under the influence of disease, but also in revealing further details about 
the processes of neurovascular coupling that underpin haemodynamic 
neuroimaging methods (Steinbrink et al., 2006). Several multi-modal 
neuroimaging studies have now combined fNIRS optodes with EEG 
electrodes, or with MRI scans, allowing researchers to approach questions 
concerning brain function from multiple directions simultaneously, and 
improving our understanding of complex brain disorders such as epilepsy 
(Mahmoudzadeh, Dehaene-Lambertz, & wallois, 2016; Peng et al., 2014; 
Pouliot et al., 2012; Schroeter, Kupka, Mildner, Uludağ, & von Cramon, 2006; 
Steinbrink et al., 2006; Yuan & Ye, 2013).  Combined modality studies have 
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shown strong correlations between the BOLD signal and optical measures, 
providing validation for fNIRS approaches (Cui, Bray, Bryant, Glover, & 
Reiss, 2011; Strangman, Culver, Thompson, & Boas, 2002), and anatomical 
MRI scans from study individuals or population templates have been used 
for the co-registration of fNIRS data to underlying cortical anatomy, to 
improve the localisation of the data obtained (Lloyd-Fox, Richards, et al., 
2014; Yuan & Ye, 2013). 
 
As with any neuroimaging technique, there are limitations that must be 
acknowledged when designing studies and interpreting the data they 
produce. Certain aspects of fNIRS techniques introduce the risk of false 
positives (i.e. wrongly attributing a measured response to brain activity) and 
false negatives (failing to detect an existing haemodynamic response) 
(Tachtsidis & Scholkmann, 2016). The influences of systemic effects, motion 
and problems with experimental design will be considered here. 
 
fNIRS studies typically aim to measure changes in HbO2 and HbR 
concentration that occur in response to a cognitive or motor task. The 
changes of interest to fNIRS researchers are those that take place within the 
cortex, however systemic changes in blood flow at the scalp can dwarf those 
occurring at the cortical level, and may correlate strongly with the signal of 
interest (Gagnon et al., 2012; Kirilina et al., 2012; Minati, Kress, Visani, 
Medford, & Critchley, 2011; Tachtsidis, Leung, Devoto, Delpy, & Elwell, 
2008). The use of specific short-separations (around 8-10mm) between light 
source and detector in one or more channels within an array can be used to 
measure, and thus control for, these confounding effects from the scalp, 
improving signal quality and localisation of activation (Brigadoi & Cooper, 
2015; Gagnon, Yücel, Boas, & Cooper, 2014; Yücel et al., 2015). In addition, 
where short-separations are not available, statistical approaches to 
modelling systemic effects have been developed that allow obscuring 
systemic physiology to be separated from the signal of interest (Aarabi & 
Huppert, 2016; Caldwell et al., 2016).  
 
Although fNIRS is more robust to motion artefacts than other neuroimaging 
modalities, movement can still create artefacts within the data (Cooper et al., 
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2012; Izzetoglu, Chitrapu, Bunce, & Onaral, 2010; Robertson, Douglas, & 
Meintjes, 2010). To enable direct measurement of movement, 
accelerometers can be incorporated into the optode array, and data from 
these can be used to ‘tag’ areas of fNIRS signal that have been contaminated 
by movement for artefact removal with an adaptive filter (Sweeney et al., 
2012). The use of accelerometers, however, is not common practice, 
whereas several statistical approaches to identifying and removing or 
correcting motion artefacts have been developed in the past decade. 
Comparative studies have documented the most effective approaches for 
reducing different types of error in different types of fNIRS studies, with 
several approaches substantially improving signal quality (Brigadoi et al., 
2014; Cooper et al., 2012; Jahani, Setarehdan, Boas, & Yücel, 2018).  
 
In terms of experimental design, auto-correlation between a predictably 
timed stimulus and slow physiological oscillations (e.g. vasomotion) within 
the optical signal can be problematic (Elwell, Springett, Hillman, & Delpy, 
1999; Obrig et al., 2000). Timing of experiments can have a large impact on 
the results obtained. Introducing a temporal jitter between subsequent stimuli 
can reduce the physiological effects of anticipation in block-averaged data 
(Lloyd-Fox, Blasi, Everdell, Elwell, & Johnson, 2010).  Event-related 
approaches are another option for overcoming issues of auto-correlation. It 
takes around four seconds for the haemodynamic response to return to 
baseline following a short (0.5s) activation, enabling an equally large 
response in another trial (Cannestra, Pouratian, Shomer, & Toga, 1998), 
thus single events should be appropriately spaced to optimise the chances 
of identifying specific event-related activity.  
 
Finally, data analysis choices will also influence results. Conventional 
averaging techniques can be sensitive to many confounding factors already 
discussed.  Aarabi and colleagues found that deconvolution methods (which 
estimate the contributions of various events within a given signal) provide a 
more robust approach for estimating the HRF, particularly in rapid event-
related designs (Aarabi, Osharina, & Wallois, 2017). In reporting results, it is 
vital that data from both HbO2 and HbR are presented. Deviations from the 
expected classic HRF (e.g. in Figure 3) are likely to reflect confounding 
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factors, and providing information from both chromophores can improve the 
physiological interpretation of the results (Tachtsidis & Scholkmann, 2016). 
Two common patterns of note are strong simultaneous increases or 
decreases in the HbO2 and HbR signal, likely reflecting systemic changes 
(Tachtsidis & Scholkmann, 2016), and a shift from the expected negative 
correlation between the two signals to a more positive one, which has been 
shown to happen in response to head motion (Cui, Bray, & Reiss, 2010).  
 
Having considered the potential promises and pitfalls associated with fNIRS 
research, the remainder of this chapter will review applications of fNIRS that 
can provide a scaffold for the development of the current study.  
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4.5 fNIRS: Previous applications 
 
This thesis will examine executive functioning (EF) and concurrent cortical 
activity in adults with Down syndrome (DS) of different ages. As outlined in 
the introductory chapters, adults with DS are at exceptionally high risk of 
developing dementia due to Alzheimer’s disease (AD), and changes in EF 
may be an early marker of dementia in this population (see Chapter 3).  
 
The sensitivity of the frontal cortex to EF tasks and variation in EF abilities 
(as detailed in section 2.3) (Alvarez & Emory, 2006; McKenna et al., 2017; 
Stuss, 2011; Yuan & Raz, 2014), combined with the relative ease with which 
frontal areas can be sampled by fNIRS systems, has led to EF being one of 
the more widely studied areas of cognition in fNIRS research, in both children 
(Moriguchi & Hiraki, 2013) and adults (Cutini et al., 2012; Joanette et al., 
2008). Reviews of fNIRS studies related to ageing (Agbangla et al., 2017) 
and AD (Chou & Lan, 2013) similarly provide support for the utility of fNIRS 
for measuring age- and AD-related changes in brain function. As such, fNIRS 
could be a valuable tool for improving our understanding of the relationships 
between cortical function and EF ability in individuals with DS throughout the 
lifespan. 
 
Initial literature reviews exploring EF in DS found no prior examples of 
neuroimaging studies that had specifically examined EF in this population 
(see section 2.4).  While this lack of precedents prevented the direct 
translation of an existing EF study from any other imaging modality to fNIRS, 
existing reviews of fNIRS studies examining EF in children and adults (Cutini 
et al., 2012; Joanette et al., 2008; Moriguchi & Hiraki, 2013) provided a useful 
starting point from which to develop a new study. 

 
Preliminary searches conducted during the first year of the project (2014) 
explored whether fNIRS had been used in any capacity with people with DS, 
or adults with intellectual disability (ID) of other aetiologies (non-DS ID). One 
fNIRS study was identified that had examined functional connectivity in 
infants with DS, finding reduced mean connectivity in infants with DS during 
sleep compared to term, or pre-term infants without DS (Imai et al., 2014). 
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However, no studies were found to have applied fNIRS to adults with DS or 
non-DS ID.   

 
Further searches were pursued, focussing on precedents examining EF 
using fNIRS in other populations. Of particular interest were studies using 
tasks of EF in clinical populations or young children for whom complex 
cognitive tasks or restrictive imaging environments would be unsuitable, or 
studies that had examined ageing or AD-related changes in cortical activity 
during EF tasks. Many successful examples of studies using fNIRS to 
measure frontal cortical activity during EF tasks were identified (see reviews: 
Cutini et al., 2012; Joanette et al., 2008; Moriguchi & Hiraki, 2013). However, 
popular tasks used in general adult populations that rely on verbal working 
memory (Contini et al., 2013; Merzagora, Izzetoglu, Onaral, & Schultheis, 
2013), or literacy, such as the trial-making task (Hagen et al., 2014; Müller et 
al., 2014) or n-back task (Fishburn, Norr, Medvedev, & Vaidya, 2014) would 
not be suitable for all adults with DS. Individuals with DS show impaired EF 
to varying degrees throughout their lifespan (Lanfranchi et al., 2010; Lee et 
al., 2015; Pritchard, Kalback, Mccurdy, & Capone, 2015; Rowe et al., 2006), 
which can make finding tasks that are both accessible and sensitive to broad 
individual differences within this population challenging.   

 
Given the inappropriateness of several widely used EF tasks for individuals 
with ID, a decision was made to select just four EF tasks to examine in 
greater detail to prepare initial pilot studies. These tasks were required to 
have been successfully used in cognitive studies with individuals with ID of 
any aetiology or young children, and in functional neuroimaging studies in 
any population. The four tasks selected were a go / no-go task, a verbal 
fluency task, a dimensional change card sort task, and a Stroop task.  
 
In addition to being shown to be suitable for populations of a similar range of 
abilities to people with DS, each of the four tasks had prior use in studies of 
ageing or cognitive decline due to AD, suggesting sensitivity to changes of 
interest to the current study. Results from neuroimaging studies using each 
of these four tasks will be summarised in turn, focussing exclusively on 
cortical areas accessible to fNIRS. 
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4.5.1 Go / no-go task  
 
The go / no-go (GNG) task provides measures of reaction time and response 
inhibition, requiring participants to develop a prepotent response by hitting a 
button each time a ‘go’ trial is presented, then inhibit this response when a 
less frequent, unpredictably timed ‘no-go’ trial appears. Meta-analyses of 
fMRI data show activation during no-go trials in a typically right-lateralized 
network of regions in the frontal and parietal cortices, and the pre-
supplementary motor area (pre-SMA) (Criaud & Boulinguez, 2013; 
Simmonds, Pekar, & Mostofsky, 2008). Areas of activation related to 
response inhibition in GNG tasks show substantial overlap with regions 
associated with high attention and working memory load, likely reflecting the 
vigilance required during the task to determine the appropriate response for 
each trial (Criaud & Boulinguez, 2013). 

 
The right inferior frontal gyrus is noted as a key region of activation during 
response inhibition in fNIRS GNG tasks, with children aged 4-6 years 
showing reduced activation in this area compared to adults, matching their 
lower accuracy and slower response times (Mehnert et al., 2013).  Further 
fNIRS studies have also found response inhibition to be associated with 
increases in HbO2 concentration in the left inferior frontal gyrus and 
significant deactivation, signalled by a reduction in the concentration of HbO2, 

in the medial prefrontal cortex (Herrmann, Plichta, Ehlis, & Fallgatter, 2005; 
Rodrigo et al., 2014). This reduction in HbO2 appears to be important for 
behavioural performance, with more pronounced deactivation being 
association with fewer response inhibition errors (Rodrigo et al., 2014).  
 
As well as being suitable for use in young children, GNG tasks have been 
used alongside fNIRS to explore differences between healthy and clinical 
populations, in particular those with attention deficit hyperactivity disorder 
(ADHD). Multi-channel fNIRS measurements showed hypoactivation in the 
right inferior and middle frontal gyri during no-go blocks in children with 
ADHD compared to healthy controls (Monden, Dan, Nagashima, Dan, 
Tsuzuki, et al., 2012). In addition to these group-level differences, analysis 
of activation patterns in a focussed region-of-interest over the border of the 
inferior and middle frontal gyri showed differences in activity that could 
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distinguish between individuals with and without ADHD with 85% accuracy 
and 90% sensitivity (Monden et al., 2015).  
 
A further clinical study showed improved behavioural performance in those 
with ADHD following administration of methylphenidate (a stimulant 
commonly used to treat ADHD), which correlated strongly with increased 
HbO2 in the right PFC. These results suggest that fNIRS measurements in 
this area during the GNG task could serve as a biomarker to monitor the 
effects of methylphenidate in the ADHD population (Monden, Dan, 
Nagashima, Dan, Kyutoku, et al., 2012). An earlier cognitive study found no 
difference in behavioural performance between children with DS and mental 
age-matched controls (Pennington, Moon, Edgin, Stedron, & Nadel, 2003), 
suggesting this task would be suitable for a DS population. 
 

 
4.5.1.1 Sensitivity to ageing and cognitive decline  
 
Heilbronner & Münte (2013) found clear differences with ageing in the frontal 
cortex during an event-related GNG task. Older adults (aged >60 years) 
showed focussed activation in the dorsolateral PFC (DLPFC) during 
inhibition compared to go trials, whereas younger adults (<30 years) showed 
larger activation in inferior frontal regions. Comparing the groups during 
response inhibition directly, older adults showed larger changes in HbR in 
the right DLPFC, however the younger adults showed larger HbR differences 
than the older group in right temporal, pre- and post-central regions, in 
addition to left precentral and inferior frontal areas.  Task performance also 
differed between the groups, with older adults responding more slowly, but 
more accurately than the younger adults, yet the relationship between task 
performance and fNIRS measurements was not directly assessed here. The 
event-related approach of this study allowed more clear separation of activity 
directly related to inhibition, as block-designs for this task necessitate 
combined measurement of go and no-go activity.  
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4.5.2 Verbal Fluency Task 
 
Verbal fluency tasks (VFTs), where participants are required to name as 
many items as possible in a set time frame in a given category (‘semantic 
fluency’) or beginning with a given letter (‘phonemic fluency’), are used in 
both clinical and research settings as a measure of EF. fMRI studies show 
consistent left inferior frontal gyrus activation during VFTs, with slight 
differences in the location of responses within this area between phonemic 
and semantic versions (Costafreda et al., 2006).  
 
VFTs have been adopted for use in several studies using fNIRS to examine 
EF, and show that fNIRS is sensitive to activation during semantic and 
phonemic versions in both frontal and temporal areas (Herrmann, Ehlis, 
Scheuerpflug, & Fallgatter, 2005; Huang, Chou, Wei, & Sun, 2016; Tupak et 
al., 2012).  Short- and long-term test-retest reliability are good for fNIRS 
measurements during phonemic and semantic VFTs (Schecklmann, Ehlis, 
Plichta, & Fallgatter, 2008), and the task has also been successfully used in 
fNIRS studies with children from 6 years of age (Tando et al., 2014).  
 

 
4.5.2.1 Sensitivity to ageing and cognitive decline  
 
VFTs have been used in multiple ageing studies, and normative behavioural 
data are available for both phonemic and semantic versions at different age 
groups, indicating slight decreases in performance in the general population 
from around the age of 60 years (Tombaugh, Kozak, & Rees, 1999). A small 
fNIRS study compared performance during phonemic and semantic VFTs in 
16 young (mean age 23 years) and 16 old (mean age 70 years) healthy 
adults, finding reduced activation across the PFC with age in the absence of 
any differences in performance (Kahlaoui et al., 2012).  These results match 
those of an earlier study with similar age groups, which found a phonemic 
VFT produced robust activation in bilateral PFC which was reduced in older 
adults, despite no difference between the groups in behavioural performance 
(Herrmann, Walter, Ehlis, & Fallgatter, 2006). This study further noted that 
while younger adults showed a clear leftward lateralisation, as seen in 
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previous VFT studies (Schecklmann et al., 2008; Tupak et al., 2012), this 
lateralisation was significantly reduced in the older group (Herrmann et al., 
2006).  
 
The Tub̈inger evaluation of Risk factors for Early detection of 
NeuroDegeneration study (TREND) has been evaluating cognitive function 
alongside fNIRS measurements and genetic tests in 1200 healthy adults, 
aged 50-80 years old at study onset, to explore predictors of AD and 
Parkinson’s disease (Gaenslen et al., 2014; Heinzel et al., 2013; Hobert et 
al., 2011). As part of this larger study, phonemic and semantic VFT were 
found to induce bilateral inferior frontal HbO2 increases, with responses 
being more prominent in the left hemisphere (Heinzel et al., 2013). Task 
performance correlated only weakly with age, however differences in cortical 
activation with age were clear: in the inferior frontal junction, activation in 
both phonemic and semantic VFTs compared to reciting the days of the week 
reduced in relation to age, whereas activation increased with age in bilateral 
middle frontal gyrus and supramarginal gyri. Further, the leftward 
lateralisation seen in younger adults was reduced in older adults, fitting the 
pattern of other studies in which older adults show more widespread, and 
less focal, patterns of activation (Herrmann et al., 2006; Laguë-Beauvais, 
Brunet, Gagnon, Lesage, & Bherer, 2013).  
 
A later TREND publication replicated their findings, while further exploring 
the effects of vascular disease burden (which here included factors such as 
hypertension, smoking history, diabetes and obesity) on haemodynamic 
responses (Heinzel et al., 2015). Vascular disease burden  is a risk factor for 
dementia. Here, a greater number of vascular burden factors was found to 
predict a decrease in the haemodynamic response seen in the left inferior 
frontal junction during a phonological fluency task, in adults with no clinical 
signs of dementia (Heinzel et al., 2015). However, vascular burden and age 
were not found to significant interact to influence the haemodynamic 
response in this study. 
 
Deficits in attention and EF are commonly seen in the early stages of AD 
(Baudic et al., 2006; Kirova et al., 2015; Perry & Hodges, 1999; Stokholm, 
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Vogel, Gade, & Waldemar, 2006), and VFT tasks show clear impairment in 
individuals with dementia, including AD and dementia of the frontal type 
(Hoyo et al., 2015; Pasquier, Lebert, Grymonprez, & Petit, 1995; Vogel, 
Gade, Stokholm, & Waldemar, 2005).  
 
An early fNIRS study using just two channels across the left frontal and 
parietal cortex found significant increases in HbO2 in both regions during a 
phonemic VFT in healthy adults, but decreases in the parietal region during 
VFT for a group with AD (Hock et al., 1997). A later, 24-channel study 
examined the amplitude of HbO2 responses to a phonemic VFT in the frontal 
and parietal cortex in healthy participants, and those with AD and mild 
cognitive impairment (MCI) (Arai et al., 2006). This group found reduced 
activation for the AD group in bilateral frontal and parietal areas, whereas for 
those with MCI, only the right parietal region showed this reduction, 
suggesting this may be a region of early change.  fNIRS measurements 
during VFTs in those with fronto-temporal dementia are distinct from the 
reduced activation seen in AD patients, showing an absence of activation in 
the DLPFC and large activations in Broca’s area, likely reflecting a more 
severe frontal cortical disorganisation (Metzger et al., 2016). Such studies 
suggest that fNIRS is sensitive to different patterns of neurodegeneration, 
rather than just global changes.   
 
A loss of lateralization in AD patients compared to controls during VFT tasks 
was noted in an early two-channel study, with channels placed symmetrically 
between Fp1/F3 and Fp2/F4 on the standard 10/20 EEG system (Fallgatter 
et al., 1997; Klem, Lüders, Jasper, Elger, & others, 1999). Reduced leftward-
lateralisation was related to poorer VFT performance, with the phonemic 
version of the task showing the greater effect. A loss of lateralisation was 
noted in several of the VFT ageing studies above (Heinzel et al., 2015; 
Herrmann et al., 2006; Tupak et al., 2012), suggesting this is not specific to 
AD. Further, in a more recent study focussing on adults aged 70-77, neither 
healthy participants nor those with MCI showed lateralisation in semantic or 
phonemic VFTs (Katzorke et al., 2018). However, activation was significantly 
reduced for MCI patients in inferior frontotemporal cortical regions and 
reduced HbR (but not HbO2) differences during the phonemic VFT predicted 
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poorer performance for the MCI group only. The same authors assessed the 
effect of APOE genotype (a strong predictor of AD risk) in healthy adults also 

aged 70-77 years, finding that while APOE e4 carriers (who have the highest 
risk for AD) showed no behavioural deficits in a semantic VFT, they did show 

reduced activation compared to the neutral APOE e3:e3 group in the right 
inferior frontal junction, and a corresponding higher haemodynamic response 
in left middle frontal gyrus which was found to predict task performance 
(Katzorke et al., 2017).  
 
One final study to note examined frontal and temporal responses during a 
VFT in relation to administration of rivastigmine (a cholinesterase inhibitor 
often prescribed in the early staged of AD) (Metzger, Ehlis, Haeussinger, 
Fallgatter, & Hagen, 2015). fNIRS measurements were taken prior to 
administration, then again after 4 weeks as the target dose was reached, and 
once more after a further 8 weeks at this target dose. Improved behavioural 
performance was seen for the semantic, but not phonemic VFT, and this 
improvement co-occurred with increased activation in the right DLPFC, and 
around the left lateral sulcus, including Broca’s and Wernicke’s areas and 
the auditory cortex.  
 
In our previous cognitive work with adults with DS, a semantic VFT was found 
to be sensitive to broad individual differences, and accessible to older adults 
both with and without dementia (Startin et al., 2016). VFT performance 
shows clear decline with advancing age in DS (Startin et al., 2019), and the 
VFT is sensitive to decline in the early stages of dementia due to AD in those 
with and without DS (Firth et al., 2018; Hoyo et al., 2015; Vogel et al., 2005). 
This task therefore appears a good choice for the current study.  

 
4.5.3 Dimensional Change Card Sort 
 
The dimensional change card sort task (DCCS) (Zelazo, 2006) is a simplified 
version of the Wisconsin card sort task (WCST) (Berg, 1948). The DCCS 
requires participants to sort picture cards based on their colour and shape 
and is discussed in detail in section 2.2.  
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fNIRS studies with young children found that by 5 years of age, children 
exhibited similar patterns of bilateral prefrontal cortical (PFC) activation to 
adults during the DCCS (Moriguchi & Hiraki, 2009, 2014).  At 3 years 
however, some children were unable to adapt to a switch in the property used 
for sorting, continuing instead to sort by the property used prior to the switch. 
This perseverating group displayed no significant increase in HbO2 in the left 
or right PFC, whereas 3 year olds who successfully passed this switching 
phase showed comparable responses to the older participants, indicating a 
clear role for the PFC in successful task completion.  

 
4.5.3.1 Sensitivity to ageing and cognitive decline  
 
The DCCS, as noted above, has been used to monitor developmental 
changes in EF abilities with fNIRS from childhood to adulthood (Moriguchi & 
Hiraki, 2009, 2014), indicating sensitivity to age-related differences in cortical 
activation. However, no studies were identified that examined changes 
related to old age or AD.  
 
One small cognitive study examined DCCS performance in a group of 11 
young people with DS (mean chronological age = 175.9, SD = 49.8 months) 
and 12 with William’s syndrome (WS) (mean age = 156.5, SD = 155.3 
months) (Landry, Russo, Dawkins, Zelazo, & Burack, 2012). The DS group 
were able to sort by both shape and colour, however more of the DS group 
failed to pass the switch phase than the WS group, which may be in part 
explained by significantly lower verbal and non-verbal mental age 
equivalents in those with DS than WS in this study. These results suggest 
that the DCCS may be a suitable task for some people with DS, however 
further research should explore its suitability for adults of different ages and 
general abilities.   
 

4.5.4 Stroop Task 
 
One of the most widely used tasks of EF in prior fNIRS studies was the 
Stroop task (Stroop, 1935), which examines participants’ ability to manage 
conflicting stimuli and inhibit responses to irrelevant information. In its 
original form, the Stroop task required participants to name the colour of ink 
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that a colour word was written in. Differences in accuracy and response time 
would then be compared between trials in which the ink colour matched (i.e. 
‘congruent trials’) or contrasted (‘incongruent’) with the word itself. fNIRS 
studies have shown larger increases in HbO2 for incongruent than congruent 
trials in the inferior frontal cortex, with the left hemisphere showing the more 
prominent response (ÇiftÇi*, Sankur, Kahya, & Akin, 2008; Ehlis, Herrmann, 
Wagener, & Fallgatter, 2005). Functional connectivity analyses show this 
leftward lateralisation more strongly than traditional activation analyses 
(Zhang, Sun, Sun, Luo, & Gong, 2014) and the strength of inferior frontal 
responses increases with age from childhood, in association with improved 
task performance (Schroeter, Zysset, Wahl, & von Cramon, 2004).  
 
fNIRS measurements during Stroop task performance are sensitive to 
differences in activation between healthy and clinical populations. Children 
with ADHD, for example, were found to show reduced activation compared 
to age and IQ-matched controls in the right PFC during a reverse Stroop 
paradigm, where they had to select a colour-button that matched the 
meaning of the presented word (Yasumura et al., 2014). For the ADHD 
group, the level of right PFC activation negatively correlated with 
performance in this task, and performance overall for this group was lower 
than that of the controls. A third group with autism spectrum disorder (ASD) 
showed no reduction in performance compared to controls, but a slightly 
tendency towards increased activation in the right PFC (Yasumura et al., 
2014).  
 

 
4.5.4.1 Sensitivity to ageing and cognitive decline 
 
During Stroop interference and a modification requiring switching between 
rules, older adults (59-69 years) reacted more slowly and made more errors 
than younger adults (19-36 years) (Laguë-Beauvais et al., 2013). These 
behavioural differences were accompanied by differences in the 
haemodynamic response: younger adults showed expected increases in 
HbO2 in the left, and to a lesser degree, right, PFC, with stronger activations 
for the more difficult switching condition; whereas activation in the older 
adults was spread out more bilaterally across the PFC.  
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A portable fNIRS system was used to examine frontal cortical activity during 
a Stroop task in 19 ‘old-old’ adults (mean age 88 years, none with diagnosed 
dementia) residing in community care homes in the USA (Huppert et al., 
2017). Channels over the left superior and middle frontal regions showed 
activation during both congruent and incongruent trials compared to 
baseline, whereas in the right middle frontal region only, activation was 
higher for incongruent compared to congruent trials. Responses to 
incongruent trials in the right superior frontal cortex showed some increase 
with increasing age, however this difference did not pass false discovery rate 
correction. This small study used a system that measured only total 
haemoglobin changes, and was not able to explore the relationship between 
task performance and fNIRS measurements, thus further research is 
needed. However, in terms of feasibility, this study shows that fNIRS during 
a Stroop task is sensitive to potential age-related changes in frontal cortical 
function and that portable fNIRS devices can enable care home residents to 
participate in neuroimaging research.    
 
Literacy levels vary widely amongst individuals with DS, with reading 
comprehension reported as a particular difficulty (Boudreau, 2002). Such 
variability renders tasks requiring automatic reading processes, such as the 
traditional Stroop task, unsuitable for this population. However, the Stroop 
effect can be obtained using different stimuli. The day/night task was 
developed for pre-literate children and achieves the desired stimulus conflict 
by asking the participant to say ‘day’ or ‘night’ in response to pictures of a 
sun and moon respectively, with the picture and word matching for congruent 
trials, and opposing, for incongruent trials (Gerstadt, Hong, & Diamond, 
1994; Montgomery & Koeltzow, 2010). This task has been further adapted 
for use with people with DS, replacing the sun and moon with pictures of a 
cat and dog, as names for these pictures were thought to be less ambiguous 
( Ball et al., 2008). Adults with DS both with and without dementia completed 
this adapted version, with performance impaired in the latter group, 
supporting the task’s sensitivity to AD-related cognitive decline (Ball et al., 
2008). Although this paper-based adaptation was designed for use in clinic, 
a computerised-version with several blocks could be developed, to make this 
approach suitable for a neuroimaging study.    
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4.6 Chapter Summary 
 
fNIRS provides a method of functional neuroimaging of the cortex, using near 
infrared light to measure changes in the oxygen concentration of the blood. 
The past twenty years have seen substantial improvements in system 
engineering, experimental design and statistical analysis of fNIRS data, 
which have helped establish fNIRS as a valuable tool for examining cortical 
function during development, in healthy populations engaging in naturalistic 
cognitive tasks, and in clinical populations, where diagnostic and drug 
monitoring capacities are increasingly being explored. In terms of AD 
research, differences in cortical function can be observed with fNIRS at time 
points where participants show no deficit in behavioural performance, which, 
if predictive ability can be clearly established, may allow earlier identification 
of neurodegeneration and inform understanding of treatment targets.  
 
Although no previous studies had examined EF in adults with DS with fNIRS, 
a wealth of previous examples in other populations were found, showing the 
suitability of fNIRS for EF research, and its sensitivity to differences in cortical 
function with age and AD.  
 
Four EF tasks were identified that show robust frontal activation with fNIRS 
and that should be accessible to a DS population: a go / no-go task, a verbal 
fluency task, a dimensional change card sort and a Stroop task. Each task 
will be examined for suitability for use with adults with DS in fNIRS studies.  
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4.7 Research Aims  
 
Functional neuroimaging methods offer multiple approaches to help 
researchers understand relationships between brain and behaviour, in health 
and disease. In individuals at risk of AD, changes in brain function can be 
identified by methods including fMRI and PET before decline in cognitive 
abilities is observed (Habib et al., 2017), offering the potential for earlier 
diagnoses and intervention.  
 
DS is now considered to be the greatest genetic risk factor for the 
development of early-onset AD (Wiseman et al., 2015, 2018). There is some 
evidence from the literature that decline in EF may be an early cognitive 
marker, alongside the more characteristic memory decline associated with 
AD in adults with DS (Ball et al., 2008; Oliver, Crayton, Holland, Hall, & 
Bradbury, 1998). However, individuals with DS have been largely excluded 
from the functional neuroimaging literature, leaving a substantial knowledge 
gap concerning relationships between brain and behaviour at all stages of 
development in this population. This paucity of knowledge may, in part, 
reflect difficulties administering widely used functional neuroimaging 
techniques, such as fMRI and PET imaging in this population (d’Abrera et 
al., 2013).  
 
The work submitted in this doctoral thesis aims to begin addressing this 
knowledge gap, by considering the use of an alternative neuroimaging 
modality called fNIRS. Given the potential links between EF decline and AD 
in DS, and the existence of multiple precedents for functional neuroimaging 
of EF using fNIRS in frontal cortical areas (section 4.5), this thesis will focus 
on EF in adults with DS of all ages. 
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The primary aim of this research is to: 

 
1. Examine the feasibility of using fNIRS to measure frontal cortical 

activity in adults with Down syndrome during tasks of executive 
functioning 

 
The following secondary aims will also be addressed: 

 
a. To identify, and if necessary modify, existing tasks of executive 

functioning for use in adults with Down syndrome 
b. To assess differences in task performance based on age and 

cognitive decline status 
c. Where robust patterns of cortical activation are determined for 

any of the tasks, to explore relationships between peak 
chromophore concentration and age, task performance, general 
verbal and non-verbal abilities  
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5.1 Introduction 
 
The current project aims to examine executive functioning (EF) in adults with 
Down syndrome (DS), using functional near infrared spectroscopy (fNIRS) 
to measure concurrent frontal cortical activation. This work was developed in 
the first instance, in light of findings that EF decline may be an early marker 
of dementia onset in those with DS (see section 3.5).  However, during the 
development of the current research, no precedents were identified that had 
directly examined the neural correlates of EF in adults with DS at any age, 
using any neuroimaging modality.  
 
fNIRS uses near infrared light to provide a proxy measure of activity in the 
cortex of the brain (Cooper & Boas, 2015). fNIRS is more robust to motion 
artefacts than electroencephalograms (EEG) or magnetic resonance 
imaging (MRI). Participants can remain comfortably seated, without being 
required to completely restrict their movements, and data acquisition is silent. 
Such advantages in comparison to fMRI in particular may enable more 
individuals with DS to participate in neuroimaging studies. However its 
feasibility for use in this population requires verification.  
 
To inform data collection using a neuroimaging modality in this study, and 
explore tolerability issues related to the under-representation of people with 
DS in functional neuroimaging research, the current chapter will briefly 
review literature that has examined participation in neuroimaging and other 
medical research amongst individuals with DS or intellectual disability (ID) of 
other aetiologies. This will be followed by an exploratory qualitative study, 
used to gauge the viability of being able to recruit for an fNIRS neuroimaging 
study in this population. A comprehensive analysis of attitudes and beliefs of 
people with DS and their carers regarding participation in neuroimaging 
research is beyond the scope of the current study. Rather, information 
provided by participants were used to shape the protocols and recruitment 
processes of the subsequent fNIRS studies.  
 
  



5 Study 1: Involving people with Down syndrome in neuroimaging research 
 

 122 

5.2 Background 
 
In 2014, Mencap, a UK-based charity that offer a voice to individuals with ID, 
published a scoping review of medical research participation amongst 
individuals with ID, concluding that people with ID are not only under-
represented in medical research, but are also under-researched as a 
population (Lewis, 2014). Between 2008 and 2013, 32 Cochrane reviews 
were published that had examined diverse health conditions and treatments 
in people with ID. Only five of these identified studies with adequate methods 
and outcome measures to be capable of making reasonable conclusions.  
 
While myriad reasons may underpin this lack of research, ethical concerns 
about including individuals who may lack the capacity to consent for 
themselves, logistical issues in making studies accessible for those with ID 
and difficulty in recruitment – in part due to the many gatekeepers involved, 
are key factors (d’Abrera et al., 2013; Iacono, 2006; Iacono & Murray, 2003; 
Nicholson, Colyer, & Cooper, 2013). In some cases, ethical review boards 
will not allow the inclusion of individuals who lack capacity to make decisions 
for themselves, meaning it is simply not possible to include these individuals 
in research. Such decisions are made in a context of protecting individuals, 
and for good reason: there have been many examples of abuse and 
exploitation of vulnerable individuals in the name of research (see Carlson, 
2013; Iacono, 2006). Yet excluding vulnerable individuals from research on 
the basis of their vulnerability carries equally significant ethical concerns. In 
the absence of good information, policies and practice may be based on 
irrelevant or anecdotal evidence, individuals are further excluded from areas 
of society they may wish to be engaged with, and vulnerable groups may be 
denied benefits that come with increasing development of new 
understanding and treatments (d’Abrera et al., 2013).  
 
An extensive study of the perspective of individuals with ID and key 
stakeholders (including family members, service providers, researchers and 
Institutional Review Board (IRB) members) towards harm in the context of 
research participation revealed large variability in opinions across the 
different groups (McDonald, Conroy, & Olick, 2017). This US study included 
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more than 500 individuals in total, and explored how harmful different 
stakeholders considered certain aspects of research participation to be. All 
stakeholders rated the participant feeling worried about what they would 
have to do as being equally harmful, however groups differed broadly in their 
other perceptions.  
 
For adults with ID, being treated like a child, and the researcher reporting 
information about the individual to the authorities were perceived as being 
more harmful than for other groups. Conversely, the majority of potential 
psycho-social harms (e.g. feeling worried, upset or pressured) were viewed 
to be less harmful by those with ID than other stakeholders. Being excluded 
from research was considered more harmful by those with ID, researchers 
and service providers than by family and friends and IRB members, although 
service providers considered someone else making the decision about 
participation to be more harmful than IRB members did. Looking within the 
group of adults with ID, feeling treated like a child, researchers sharing 
information without permission, feeling labelled as being a disabled person, 
and someone else making decisions about participation on their behalf were 
all considered to be more harmful than feeling worried about what they would 
have to do. Importantly, adults with ID showed greater interest in research 
participation than all other groups predicted they would, and their ratings of 
how harmful they considered an aspect to be did not relate to how likely they 
were to participate in a given study. Overall, these results suggest there is 
interest in research participation in individuals with ID. However, researchers 
must work carefully with key gatekeepers to support participation and avoid 
stigmatisation and paternalistic approaches.  
 
Considering neuroimaging research in particular, several groups have 
successfully undertaken MRI and PET research including individuals with DS 
(Hartley et al., 2014; Raz et al., 1995; Sabbagh et al., 2011; Teipel & Hampel, 
2006) and at least two groups have conducted small fMRI studies looking at 
story listening and semantic-classification/object-recognition in young adults 
with DS (Jacola et al., 2011, 2014; Reynolds Losin, Rivera, O’Hare, Sowell, 
& Pinter, 2009). Such studies reflect a commitment to undertaking such work 
and show that for some individuals with DS, this research is possible, paving 
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the way for future advances including prospective neuroimaging initiatives 
focussing on the development of AD in this population that are now underway 
(Fortea et al., 2016; Matthews et al., 2016; Rafii et al., 2015b). 
 
However, reflecting on recruitment for such projects, d’Abrera and 
colleagues (d’Abrera et al., 2013) highlighted several difficulties. For pilot 
work for their later MRI and PET study (Annus et al., 2016), the researchers 
were allowed only to recruit individuals who could consent for themselves. 
When working with individuals with ID who develop dementia, this may well 
exclude the individuals with the condition that would be most appropriate to 
include. Of the 13 adults with DS who initially participated in their pilot project, 
just 8 completed both the MRI and PET scan. Reasons for non-completion 
included needle phobia, a metal implant and difficulty truly understanding the 
procedures.  
 
This pilot work allowed the researchers to develop several methods of 
improving their success in recruiting individuals with DS and ensuring they 
were capable of completing both an MRI and PET scan in their later work 
(Annus et al., 2016). Adaptations included allowing participants to wear 
headphones and listen to their favourite music during the scan (to minimise 
scanning noise and aid relaxation), and providing participants with 
accessible materials, including a video explaining what would happen. 
However, these findings also highlight that aside from issues of recruitment 
and ethics, for some individuals, current neuroimaging methods are simply 
not suitable. Finding alternative, more accessible methods of neuroimaging 
may allow greater participation, and thus improve our understanding of brain 
function in this population, during development, healthy ageing, and in AD-
related decline.  
 
This research project will consider one such alternative: fNIRS. The following 
study invited adults with DS and their carers to participate in a series of focus 
groups regarding participation in neuroimaging research in general, and 
fNIRS studies specifically.  
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5.3 Methods 
 
5.3.1 Study Design 
 
Four focus groups were undertaken concurrently with two groups of people: 
adults with DS in one group, and their carers in the other. Each focus group 
was facilitated by one researcher, with further support offered by a second 
researcher or a student. 45 minutes were allocated for each session, with 
sessions finishing earlier when participants had nothing further to add. All 
sessions were audio-recorded, then transcribed, and transcriptions then 
used to clarify themes and ideas for future research practices. 
 

5.3.2 Participants and recruitment 
 
Adults with DS and their primary carer were recruited from the LonDownS 
participant pool (Startin et al., 2016). To be eligible for this study, adults had 
to be able to travel to UCL, and have sufficient verbal language skills to be 
able to respond verbally to our questions. Travel expenses were reimbursed 
for all participants, and each participant additionally received a £10 gift 
voucher, to thank them for their time.  
 

5.3.3 Ethical approval  
 
Ethical approval for the qualitative work was obtained from the UCL 
Research Ethics Committee (Project ID Number: 4166/001). All studies took 
place at UCL. Information sheets for participants with DS (Appendix I. ) and 
carers (Appendix II. ) were posted out two weeks’ prior to the first visit, to 
allow time to review the material. 
 

5.3.4 Capacity assessment and consent 
 
Informed written consent (Appendix III. ) was obtained from all carers.  
 
For adults with DS, capacity to consent was assessed for each participant, 
prior to the consenting process. Informed, written consent was obtained from 
those who had capacity (Appendix IV. ).  Where individuals did not have 
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capacity to consent for themselves in accordance with the UK Mental 
Capacity Act 2005 (Crown Copyright, 2005), a consultee was appointed 
(either a family member or paid carer who knew the individual well). This 
consultee was asked to sign a form indicating their decision regarding the 
individual’s inclusion based on their knowledge of the individual and their 
wishes.  
 
In accordance with the Mental Capacity Act 2005 (Crown Copyright, 2005), 
individuals were considered to be unable to make decisions for themselves 
if they were unable to: 

(a)  understand the information relevant to the decision,  
(b)  retain that information,  
(c)  use or weigh that information as part of the process of making the 
decision, or 
(d)  communicate their decision (whether by talking, using sign 
language or any other means)  

 
To assess whether each individual was able to meet the four elements 
above, capacity assessments began by a trained researcher sitting with each 
participant with DS to talk through each section of the information sheet. 
Support was provided throughout to ensure each participant received 
information in a way that best aided their understanding. Information sheets 
for participants were prepared using an ‘Easy read’ format: each piece of 
information about the study was stated in large (size 20 font), clear, simple 
sentences, accompanied by a descriptive picture. Images were either taken 
from the Photosymbols library (Photosymbols Ltd) which is a specific library 
of images used in the UK for supporting communication with people with 
learning disabilities, or were photographs of the people, places and 
equipment relevant to the study.  
 
Following the initial joint review of the material presented in the information 
sheet, the researcher asked the participant a series of open-ended questions 
about the study to ensure each of the four aspects of capacity were met. The 
wording and presentation of the questions were adapted for each individual, 
based on their communication needs, however all capacity assessments 
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followed a similar pattern. Early questions assessed the participant’s 
understanding of who they were seeing and why, for example, “What is my 
[research] name?”, or “Who is this?” (pointing to the photograph of the 
researcher on the information sheet), followed by “Why have you come to 
see me today?”. Subsequent questions concerned the nature of the study, 
and the consequences of agreeing or refusing to take part e.g. “What will we 
be doing today?”, “What will happen if you do not want to take part?”. In 
addition to the information provided in the information sheet, the researcher 
emphasised that participation was voluntary, and that there would be no 
negative outcome or change to one’s care services if the individual preferred 
not to take part. Participants could agree to participate in as much or as little 
of the study as they wanted.  
 
Later questions were related to data storage and confidentiality, e.g. “How 
will we remember what everyone said in the talks?”, “What will happen to the 
information we collect?”.  
 
Participants were allowed to refer back to the information sheet and 
supporting images to help express their answers. Where individuals with DS 
were able to understand and retain information, then express their 
considered opinion for some, but not all sections of the information sheet, a 
process of joint consent was followed with their consultee. Individuals with 
DS provided written consent for all aspects of the study that they had 
understood and expressed their opinion on.  
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5.3.5 Materials 
 
The topics covered in the four focus groups were: 

1. Experiences of research and brain imaging 
2. Attitudes towards brain imaging 
3. fNIRS  
4. Improving recruitment to brain imaging studies 

 
Semi-structured schedules were prepared in advance of each session. 
Schedules for adults with DS are shown for reference in Appendix V. . Those 
for carers followed similar questions. Easy read topic guides were created 
and sent to participants two weeks in advance of each session to allow 
participants the time to review the topics and prepare as desired. Each 
session started with visually-supported presentations explaining what we 
would speak about in the following focus group. Data from each focus group 
were audio recorded with an Olympus VN−731PC Digital Voice Recorder. 
 
For the fNIRS discussion, Laura Pirazzoli, a PhD student from Birkbeck, 
University of London, gave a short accessible presentation about her own 
research using fNIRS with infants. This was followed by a staged fNIRS 
study, where adults with DS could experience an fNIRS study first hand. The 
staged study used an NTS Optical Imaging System (Gowerlabs LTD, 
London) identical to that used in future studies in this thesis. Participants 
were invited to wear the equipment while watching stimuli (images of objects) 
on a large screen. No behavioural or fNIRS data were collected during the 
session.  
 
For the discussion regarding recruitment, we examined various materials 
with the groups. We included information sheets from the current project, the 
LonDownS website (http://www.ucl.ac.uk/london-down-syndrome-
consortium) and a video made by researchers at the University of 
Cambridge, about participation in a study including PET scans 
(https://www.youtube.com/watch?v=3zBb4lBfgvc).  
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5.3.6 Data analysis  
 
For this study, data were used to help shape subsequent research projects. 
The lead researcher read the transcribed texts and highlighted key barriers 
and facilitators to participation identified by each group. Opinions from adults 
with DS and their carers in relation to each topic were collated and 
summarised. Key barriers and facilitators were then listed, and their impact 
on working processes for future studies reviewed.  
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5.4 Results 
 

5.4.1 Participants 
 
5 adults with DS (3 women, 2 men), aged 28 to 42 years took part. All had 
previously taken part in a LonDownS EEG study. Their primary carer (4 
parents and 1 paid carer) also participated. 3 dyads participated in all 
sessions, 1 dyad participated in sessions 3 and 4 only, and 1 adult with DS 
attended all sessions, but was uncomfortable speaking in a group. This 
individual listened to all the introductory presentations with the group, then 
was interviewed separately, following the same schedules as the group.  
 

5.4.2 Experience of, and attitudes towards, brain imaging 
 
All of the individuals with DS who participated in discussions had previously 
completed an EEG study with the LonDownS consortium, and two 
participants with DS had undergone MRI scans for medical purposes. No 
individuals had experience of other neuroimaging modalities.  
 
Attitudes towards participation in previous neuroimaging studies, or 
neuroimaging for medical purposes, varied within each group. This group of 
carers were all very keen to maintain links with the research community, as 
long as the adults with DS they cared for were happy to engage, and 
appropriately supported by the research team. 3/5 adults with DS enjoyed 
the experience of participating in the previous EEG study, but two found it 
stressful and uncomfortable at the time. On reflection, one of the two decided 
that their experience was not wholly negative, and they would be open to 
participating in neuroimaging studies again. For those who had experienced 
an MRI scan, one had found it to be a positive experience. The other was 
frightened at first, but was able to complete the scan, explaining:  

 

[PPI001] … “Well I first went in, was a little bit scary a bit, 
but, uh o- o-, when I’m on it I’m just fine”  

 
In terms of neuroimaging for research purposes, adults with DS overall were 
keen to be involved, and their carers were keen to support them, however 
they noted a lack of opportunity to participate in such research. None of the 
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group had been invited to participate in MRI or PET research, although one 
adult with DS was aware of this kind of research and would like to have been 
invited to participate: 

 

[PPI004] “I’d like to take part in that one (pointing to PET 
scan) ‘cos I’d, I’d like to get the experience” 

 
However, there were some contrasting ideas, both in terms of individual 
differences in opinion, and in group differences in relation to different 
neuroimaging modalities. Opinions towards EEG, MRI and PET scans will 
be presented in turn. 
  

5.4.2.1 EEG 
 
All adults with DS in the group had experience of EEG research. For three of 
the participants this was a positive experience. One adult remarked: 

 
[PPI004] “ I love that one because it, it measures your brain activities” 

 
However, discomfort caused by the electrodes and saline solution were also 
mentioned, and for one individual, their experience caused them sufficient 
discomfort to prevent them from participating in future EEG studies:  
 

[PPI003] “That’s itchy” 
[Researcher] “That’s itchy. Would you try it again {PPI003} or not? 
[PPI003] “Um, I found it too much really” 

 
From the carers points of view, all felt the EEG study had been a positive 
experience overall. The carer of the adult with DS who mentioned the cap 
being itchy, was quite surprised at how well they coped, despite their 
discomfort, and noted that the researchers had created a positive 
environment by allowing the participant as much time as they needed to cope 
with the situation. Their carer remarked that in other situations, the adult with 
DS they supported would have simply refused to attend.  
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5.4.2.2 MRI  
 
Only two participants with DS had experience of MRI, but all viewed images 
and offered their thoughts about participation in MRI research. Again, 
attitudes were divided. Some were excited at the prospect of seeing a picture 
of their brain: for one individual they said they would prefer participating in 
MRI research to EEG or fNIRS research because of this. Others were 
nervous, and for one in particular, lying down in the scanner was a cause of 
concern: 

 
[PPI003] “Lying down is terrifying…  Ly-, lying down on here is, um, 
I’m afraid of darkness” 

 
Lying down was also noted as a concern by carers, but for different reasons. 
One thought the claustrophobic environment would be challenging, and 
another was concerned about breathing difficulties. The person that they 
supported had sleep apnoea, a common condition in people with DS, and 
they were concerned that breathing while lying on their back may be difficult.  
 
Hospital visits were highlighted as a source of stress for two of the adults 
with DS, thus using MRI scanners in universities rather than hospitals was 
preferable. However, having the opportunity to either visit in advance, or see 
a video of the place they are due to visit for the scan, were seen as simple 
ways of alleviating anxiety about participation.  
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5.4.2.3 PET 
 
The additional requirement of an injection for PET scans also divided 
opinion. For most, this was not perceived negatively, however, one individual 
would not have participated in research were this a requirement: 

[PPI004] “It’s that, it’s that phobia isn’t it with needles” 

 

5.4.3 fNIRS methodology feedback 
 
The initial presentation, describing fNIRS and its application in infants, was 
received very positively by both adults with DS and their carers. Participants 
expressed that learning a little about how fNIRS works, and the fact that it 
can be used with babies, was very helpful in preparing adults with DS for 
participation in that kind of study. It made the group as a whole enthusiastic 
about trying it. 
 
Five adults with DS tried the fNIRS equipment. Four took part in a group 
discussion after and one gave comments individually. All successfully wore 
the equipment while seeing visual stimuli on a screen. One participant 
expressed that they felt anxious before trying it on. Their primary concern 
was the large number of wires in the machine: 
 

[PPI03] “erm, I was anxious because, the wires and, 
there’s wires everywhere that’s why… the hat is fine, but, 

the wires” 

 
  

We allowed this participant to touch the cap with the ‘optodes’ (the small 
parts that deliver and pick up the light) in and demonstrated the cap by 
putting it on ourselves. After this initial uncertainty, the participant was happy 
to try the cap and said it was very comfortable and they liked it. This 
participant preferred fNIRS to EEG as there was no need for saline solution. 
The other four were all keen to try and happy to wear it: 
 

[PPI04] “I thought it was useful because it, is so 
comfortable on my head and I was, concentrating, yeah, it 

was good really helpful” 
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One asked for the cap to be removed after around five minutes. This same 
participant struggled to sit still in a previous EEG experiment (pulling the 
equipment off) and would not speak in a group. In discussion afterwards, this 
participant said that they really liked trying it, they were just keen to leave.  
 
The stimuli shown included pictures used in a project looking at aspects of 
memory in infants. We did not collect any behavioural data, but wanted 
people to experience a genuine experimental set-up. Most of the adults with 
DS who took part commented on liking the pictures and were very engaged 
while sitting with the equipment. This highlighted the need for us to choose 
our tasks carefully for the later feasibility study. In LonDownS cognitive 
studies (Startin et al., 2016), we have found some tasks to be difficult to 
engage with, or simply boring for some of our adults.  
 
The five carers gave primarily positive feedback in relation to the fNIRS 
equipment, and all felt that of the neuroimaging modalities discussed (EEG, 
MRI, PET and fNIRS), that fNIRS was the most preferable, in terms of being 
most likely to be well tolerated by the adults they support. Being able to sit, 
rather than lie down and not needing saline solution were seen as clear 
advantages. Some also commented on the aesthetics of the machine, 
considering it to be a very ‘pleasing design’, and less threatening than other 
neuroimaging machinery they had seen. Mirroring opinions from the adults 
with DS, a disadvantage of fNIRS from the carers’ point of view was not being 
able to take a picture of their brain home with them.  
 
The carer of the one adult who asked to remove the cap after five minutes 
thought that offering other incentives (food / being able to go first / being able 
to bring a friend or partner along) could help improve the process for the adult 
they worked with, and that issues of involvement for this person would be 
similar for all research projects, not specific to brain imaging work. The other 
carers mentioned that by including someone who clearly found it difficult to 
be involved, we made a better, more supportive environment for everyone 
else. It showed that we were honest when saying that if someone wanted to 
leave at any time they could, and also helped carer and participant 
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perceptions as this participant was able to try the experimental set-up even 
though they did not like to talk with everyone, so the other adults were more 
comfortable about trying it too.  
 
One further theme from the carers was the idea of research participation 
helping adults with DS to cope with medical procedures in the future. By 
participating in an environment where it was purely voluntary, and they were 
well supported by the research team, the carers felt that it could help them 
with future medical procedures, even if the equipment required were entirely 
different.  
 

5.4.4 Communication and recruitment 
 
Quality of communication between researchers and participants was of 
primary importance for both groups. The carers spoke often about the 
importance of the role of the researcher in creating a positive environment 
for people with DS. Some noted very negative experiences in the past:  

 

[C01] “I think it’s, that, uh, it is that personal respect and 
that personal understanding of where he’s at that is 

absolutely critical to, um, any relationship building, um, 
there are certain situations where you know we all find 

our young people being sort of spoken down to or 
ignored” 

 

[C03] “They (i.e. researchers / scientists) often know the 
correct terms to use but they haven’t got the basic 

respect” 

 
However, each praised their previous experience with the LonDownS team:
  

[C02] “‘cos it’s a positive experience, for our young 
people and ourselves to be able to come in to this 

environment and, feel that we’re all working together it’s 
definitely very much a partnership”  
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Allowing adults with DS sufficient time to understand instructions, and 
consider their opinion was also highlighted as a positive way that our group 
had supported research participation in the past:  

[C01] “You know it’s, it’s you’ve allocated a, a really sort 
of sensible amount of time for the young people to relax 
and come into the room and you know, uh, get on with 

things at their pace”  

 
Adults with DS felt it was important to receive information with pictures to 
support their understanding. They were keen to have more information about 
any procedures involved – for example a small description of how the fNIRS 
machine worked and what it looked like.  
 
As part of our discussion about the best ways to involve people with DS and 
how to communicate information about our research, we looked at the 
information sheets we sent out for this project and some previous work, the 
website from the larger study with which everyone had been involved, and a 
video made by researchers from the University of Cambridge and a woman 
with DS about an MRI/PET imaging project. Feedback for each will reviewed 
in turn. 
 

5.4.4.1 Information Sheets 
 
We received positive feedback from both adults with DS and their carers 
about the Easy-Read information sheets (Appendix 0) that we prepared for 
the project. The carers commented that they looked professional and also 
added that it was helpful for them to have something they could flick through 
more quickly than our standard information sheets. Carers also noted that 
these kinds of documents had not always been provided in previous projects 
they had had involvement in, and it made a large positive impact on their 
willingness to take part. For the standard information sheets, one carer 
expressed that at first, they felt like they did not want to be involved with the 
project as there seemed to be too much to read through.  
 
Only two out of the five participants with DS were able to read all of the 
information sheet. The pictures were therefore extremely important to help 
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prepare the individual, and support discussions with a carer or researcher to 
help them understand what the study would involve. Some participants with 
DS felt the pictures needed to be even larger and further apart. The 
information sheets were formatted so that each picture was at least 4cm 
along the longest edge, following Easy-read guidelines (Department of 
Health, 2009). Some of the text was also felt to be too small and participants 
with DS would have preferred it to be more colourful. Our sheets for previous 
LonDownS work were prepared at 16pt and the ones for this qualitative 
project at 20pt.  
 
Carers felt it was important that we made it clear that participants had the 
choice to say ‘Yes’ or ‘No’ when deciding whether or not to take part, thus 
were happy to see images used to explain this.  
 

5.4.4.2 Website 
 
None of the adults with DS or the carers had visited the LonDownS website.  
On viewing the site together, carers felt that it looked professional, but they 
would not have thought to look there for information about the project. Adults 
with DS liked the separate participant pages and were interested to learn 
more about people who had already taken part. Adults with DS felt the text 
should be larger. One adult with DS also suggested making a ‘show-reel’ to 
add to the website, with the researchers explaining the work they were doing 
and why they were doing it.  
 

5.4.4.3 Video 
 
In previous sessions it had been mentioned that a video to help people 
prepare for taking part in an imaging project would be very welcome. 
Participants with DS and their carers were all very positive about the one we 
showed them – to the extent that one of the more nervous adults with DS 
said that they would like to try an MRI afterwards. Both groups liked that it 
showed someone with DS taking part, and having a positive example of 
someone being involved in such a project was felt to be ‘inspirational’. The 
video made no real mention of any possible negative aspects of taking part. 
When asked whether having this perhaps somewhat biased view was a 
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problem, all carers said no – it was better not to mention any negative 
aspects at this stage, but provide a positive example.  
 
Adults with DS appreciated that the video gave some background about why 
the research was happening, as well as what would happen: 

[PPI04] “It was really, really good to see… how the brain 
works” 

 

[PPI05] “it was also quite good because she (the woman 
with DS in the film) wasn’t scared, and she was aware of 

what’s going on”  

 
 
Overall, the group of adults with DS and their carers who participated in these 
discussions were keen to be involved in neuroimaging research. The 
relationships built with the research group from previous studies played a 
key role in future willingness to be involved.  However, several barriers to 
participation were raised. Specific barriers to participation in future fNIRS 

research that were mentioned by any participant are listed in Table 1. 

Suggestions from the groups for ways to reduce each barrier are given, and 
approaches adopted for the future fNIRS studies are outlined.  
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Table 1: Barriers to fNIRS research participation 
Barrier Potential solution(s) Plan for future project 
Fear / anxiety regarding the equipment 
used, or uncertainty regarding the location  

Preparatory materials, including images of the 
equipment. Videos describing the study / procedures, 
featuring someone with DS. Advance visits to see the 
environment and the equipment. 

Easy-Read information sheets with images of the equipment will be sent out in 
advance. On the day, participants will have time to visit the testing room and 
examine the equipment used, prior to agreeing to participate.Participants will be 
supported to try on the cap in advance if they want to.   

Discomfort related to fNIRS head gear, 
including heavy fibres and the cap used to 
couple the optodes to the scalp 

Several methods for attaching optodes to the scalp 
exist. These were explored with Gowerlabs who made 
our imaging equipment. 
Fibres should be kept tidy, and out of view during 
testing. The weight of the wires should not be held by 
the participant.  

Optode array to be embedded in a soft, flexible, Easycap (Minow, 2016). Optode 
holders to lie against the scalp and be lined with a sponge ring for comfort. 
Testing room to be arranged so that the fNIRS equipment is always behind the 
participant. An additional rest to be added to the system to hold the full weight of 
the fibres, while allowing the participant some freedom of movement. Fibres to 
be bundled together in one single bunch.  

Timing: sessions that are too long are 
considered to be too great a commitment, 
however being rushed was perceived very 
negatively by both groups.  

Flexibility was considered key. Providing refreshments 
and breaks was also important to carers and adults 
with DS.  

A half-day was allocated for each session, with participants wearing the fNIRS 
equipment for approximately 30 minutes in total.  
Breaks were provided as needed, on an individual basis, and drinks were 
offered.  

Travel: central London considered to be 
difficult. There was no parking for those who 
drive and some adults with DS and their 
carers had limited mobility  

Covering travel expenses was considered essential. 
For some individuals, taxis for part of the journey 
enabled participation when travel was challenging. 

Funding secured so that all travel expenses could be covered, and taxis offered 
in advance so that participants knew this was an option.  

Lack of clear information 
 
This had prevented some carers from 
engaging with research in the past 

Information to be provided in multiple formats, with 
varying depth of detail. 
Easy-read versions very well received. 
 

Easy-read and standard information sheets prepared for all future studies. Larger 
text and images used in Easy-read versions than in previous studies.  
During recruitment, researchers to discuss the project with carers and on the day 
of the study, to discuss everything fully with participants.  

Lack of feedback 
Carers mentioned that not being kept 
informed about research progress would 
prevent further engagement with that 
research group 

Newsletters, research summaries, events Information about study progress to be included in annual LonDownS 
newsletters.  
Summary of results to be sent to participants and carers when finished. Links to 
original papers shared with carers when published. Easy-read summaries made.  
Presentation of results at World Down Syndrome Day events.  
 

Lack of incentive as do not see immediate 
results 

Researchers need to explain the wider value of their 
work, and how their participation can help.  
 
Other incentives highlighted: e.g. engagement, new 
experiences, other results offered (e.g. dementia 
screening) 

Voucher offered as small compensation for participant’s time.  
If desired, results from IQ tests and dementia screening tools shared with carer / 
GP.  
Wider context regarding the purpose of the current studies discussed.  
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In addition to the potential solutions to barriers to participation summarised 

in Table 1, the following ideas were also raised as ways of improving the 

whole research experience: 

• A ‘thank you’ email to acknowledge people’s contribution to our 
research 

• An Easy-read agenda for the day when taking part in research (we 
had prepared them for this project, but do not normally use them in 
our cognitive work) 

• Being able to bring a friend/ partner along 
• Making sure that carers feel included in the research process, not just 

there as a ‘chauffeur’ 
• Summary of research findings: some carers felt very strongly about 

being informed throughout the lifespan of the project and having their 
involvement acknowledged. Some felt frustrated/ disappointed to 
have helped in research in the past, but never hear the outcomes 

• Some adults with DS would like to be contacted directly – although 
all who we worked with for this project said they wanted their carer to 
be involved in the planning process as well 

• Participants with DS said they felt it was important for researchers to 
‘know about us’. Having some background information before 
meeting people can be important, so in future work we should 
perhaps take more details when someone expresses an interest 
before the research takes place. This could include, for example, 
being aware of how that person likes to communicate. 
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5.5 Discussion 
 
This study explored opinions regarding neuroimaging research in 5 adults 
with DS and their carers. Overall, both groups of individuals were keen to 
engage with neuroimaging research and were interested to learn about 
different neuroimaging methods. It should be acknowledged, however, that 
this sample is likely to be biased towards those with an interest in research 
participation. Further, individuals with DS were selected for their ability to 
participate in group discussions, and may not be representative of the 
population as a whole. All individuals had prior experience with our research 
group, for both cognitive and EEG studies. During recruitment, participants 
who had declined an invite to participate in the EEG study were specifically 
targeted, so that their views could also be heard. Unfortunately, none of 
these individuals wanted to participate in the discussions.  
 
Every adult with DS that attended the fNIRS session tried on the equipment, 
and gave positive feedback of the experience, suggesting that the NTS 
system would be well tolerated. Carers in particular felt that fNIRS provided 
advantages for neuroimaging research compared to other methods, in 
particular MRI, which some individuals with DS felt would be too confined, 
and were concerned about having to lay still inside the scanner.  
 
In terms of recruitment, high quality Easy-read information sheets, and good 
verbal communication between the researchers and participants were both 
considered to be extremely important. For fNIRS studies, adults with DS 
wanted to receive pictures of the system prior to the visit, so that they knew 
what to expect. For more intrusive research, a video showing what would 
happen during  a visit, and explaining why the research was taking place, 
was felt to be an effective way of preparing participants and aiding 
recruitment in the first instance. For some this would be sufficient for 
participant’s decision making. Some individuals would prefer to visit and see 
an MRI scanner, for example, in advance, prior to making a decision about 
participation.  
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Timing of studies was also important. Cognitive studies in our group often 
took place at participant’s homes, and we allowed great flexibility in timing 
so that we could adapt to each individual’s own pace of understanding and 
working. Carers viewed this approach as essential to making sure the 
participant was comfortable and able to engage to the best of their ability. 
fNIRS studies will take place at the UCL for practical reasons regarding the 
equipment required. As such, room bookings will be extended beyond the 
average time of an assessment, to allow a similar degree of flexibility. One 
participant wanted to remove the fNIRS cap after only 5 minutes in the try-
out session. To aim to keep participants with DS engaged, tasks should be 
designed to be completed in just a few minutes each.   
 
While providing only a very brief insight into the opinions of adults with DS 
and their carers regarding participation in neuroimaging research, and fNIRS 
research in particular, these results suggest that there would be sufficient 
interest in fNIRS research to warrant developing pilot studies with the 
technology. The following chapter will describe the development of four tasks 
for use in subsequent fNIRS pilot studies, based on the tasks identified in 
section 4.5.  
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6.1 Introduction 
 
During study development (see section 4.5), four tasks of executive 
functioning (EF) were selected for fNIRS piloting: a go / no-go task (GNG), a 
verbal fluency task (VFT), a dimensional change card sorting (DCCS) task, 
and a Stroop task.  
 
Each task had existing versions that been used with people with intellectual 
disability (ID) or young children, and in fNIRS studies, however not 
necessarily at the same time. For each task, adaptations were required to 
ensure that the task was presented in a way that was appropriate for 
individuals with DS, while allowing synchronised timing of key events in the 
task with the fNIRS imaging system. In this chapter, these adaptations will 
be described in detail.  
 
Adaptations were made in the first instance based on prior experience of 
cognitive testing in a large sample of adults with DS (Startin et al., 2016), and 
discussions with a small group of adults with DS and their carers in relation 
to neuroimaging studies (see Chapter 5).  Full task parameters for each of 
these four tasks will be given here. Existing, standardised measures were 
also used in these studies to measure general abilities and dementia status. 
Details for these measures are presented in the general Methods chapter 
(Chapter 7).  

 

6.2 General Task Presentation  
 
The GNG, VFT and Stroop were presented to participants on a MacBook Pro 
with a 15.4” (2880 x 1800 pixel) Retina Screen, aligned with the closest edge 
of the table to the participant, so that the ‘enter’ key was in reach of their right 
hand.  This was connected via a USB virtual COM port to the laptop used for 
fNIRS data recordings. Task presentation was controlled by custom Matlab 
scripts. For all tasks, code was added to allow condition-specific time-stamps 
to be imprinted in the fNIRS data via the USB virtual COM port at the start of 
each trial, and / or block.  
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6.3 Go/No-Go Task 
 
At the most basic level, GNG tasks require participants to press a button in 

response to ‘go’ stimuli, and inhibit the button press in response to ‘no-go’ 

stimuli. The version used in the current study was adapted from a task used 
by colleagues at Birkbeck, University of London, as part of a wider study 

exploring cognitive abilities in children with DS (Hughes, 2018). It was 
originally planned that the version used would only be edited to introduce 

stimulus markers in the fNIRS data, maintaining identical cognitive data to 
allow comparison with other DS cognitive research projects.  

 
The original version had 72 trials, 18 (25%) of which were ‘no-go’ trials (red 

circles). Go trials were yellow, orange and purple circles. Stimuli were 

imported as pictures sized 213 x 212 pixels and centred on a white screen. 
8 of these trials were presented in the first block as a practice run, with the 

remaining trials presented after a participant-controlled rest period. Stimuli 
remained on screen for a maximum of 2 seconds and the inter-stimulus 

interval was fixed at 2 seconds.   
 

Colleagues had noted that in their sample, concentration was sometimes a 
problem in later trials. The timings used were also not ideal for fNIRS studies, 

thus it was decided to make several adaptations to the original design for the 
current fNIRS studies and look for comparable data in other work.  

 

To allow event-related analyses, the inter-stimulus interval (ISI) was 
increased and programmed to jitter randomly from 3 to 5 seconds, at 0.5 

second intervals. To prevent participant fatigue, test trials were split into 6 
blocks of 12: 3 blocks of pure go trials, and 3 blocks of go and no-go trials 

(50% of each). Stimuli remained onscreen until the participant pressed the 
appropriate key, for a maximum of 2 seconds. Block lengths could therefore 

vary based on participant response time and random ISIs, from 
approximately 42 to 84 seconds.  

 
This design also allowed the option of block-averaging the data, with the pure 

go trial blocks acting as control blocks. Stimuli were presented in the same 

pseudo-random order for all participants, with the positions of the no-go trials 
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counter-balanced across blocks.  Blocks were separated by a jittered 10-15 

second rest period, followed by a verbal prompt to prepare before the next 

block started. During rest periods, participants were instructed to relax, but 
remain as still and quiet as possible until the task began again. 

 
Verbal prompts were used as not all adults with DS can read. To standardise 

the instructions given to each participant, an audio-recording of the 
instructions given at the start of each practice block, and verbal prompts for 

subsequent blocks, were added to the programme. The instructions script is 
shown in Figure 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Go trial practice block: “Look at the screen. When you see a circle, press 
the button as fast as you can. Let’s practice!” 

 
No-go trial practice block: “This time, you will also see red circles. If you see 

a red circle, you must not press the button. Let’s 
try!” 

 
Test block intro: “Remember, press as fast as you can for orange 

circles, yellow circles and purple circles. Do not 
press for red circles. Are you ready?” 

 
Subsequent block prompt: “Get ready!” 

Figure 4: Verbal instructions for the go / no-go task 



6 Task development 
 

  148 

As older adults with DS may be less familiar with computers than the children 
the task was originally being used with, an additional practice block was also 
added. In the first practice block (6 trials), all trials were go trials, to ensure 
participants were confident with the button-press required for their response 
(the ‘enter’ key, highlighted on the keyboard with yellow stickers during all 
testing sessions). In the second practice block (8 trials, 2 no-go), both go and 
no-go trials were presented.   
 
Figure 5 visualises the sequence of the whole task, and one block in detail. 
Where participants failed to inhibit their response on both no-go practice 
trials in the second practice block, the task was terminated. All participants 
were offered the chance to try the practice trials again if they wanted to.  
 
Outcome measures included the number of correct go trial responses, the 
number of failed go trials  (‘omission errors’) , response time for each go trial 
in milliseconds, the number of correctly inhibited no-go trials and the number 
of no-go trials  where participants failed to inhibit their response (‘commission  
errors’). 
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Figure 5: Go / No-Go Task Sequence 
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6.4 Semantic Verbal Fluency 
 
In this task, participants were required to say as many words as they could, 
from a given category, in a set time period. There were three blocks, 

consisting of three conditions each: the verbal fluency condition; one control 
condition where participants were asked to recite the days of the week; and 

a further control condition where participants were asked to repeat the word 

‘house’. Based on prior work with adults with DS, it was thought that some 
adults may not be able to recite the days of the week fluently, thus this 

condition was added as another possible control for speech effects where 
the days of the week condition was not suitable.  

 
The categories used were animals, food and clothes and their order of 

presentation was randomised. From prior experience with a standard VFT in 
an earlier DS research project (Startin et al., 2016), one concern was that 

some participants would struggle to continue producing words over long 
trials, and that having several blocks of long trials may be too much for some 

adults to concentrate on all the way through. Trials were therefore limited to 

15 seconds, and were separated by rests jittered randomly between 10 and 
15 seconds in length. Audio instructions (Figure 6) were given before the 

start of each condition, and the screen changed from grey to green to indicate 
the start of each trial. Figure 7 visualises the sequence of the task. The 

outcome measures were the number of unique words produced in 15 
seconds correctly matching the category / condition. Repetitions and 

intrusions were recorded but did not contribute to the score. 

 

Experimental condition:  “When the screen turns green, say the name of 
as many (animals / foods / clothes) as you can” 

 
Days of week control: “When the screen turns green, repeat the days 

of the week” 
 
Repetition control: “When the screen turns green, slowly repeat 

the word, ‘house’” 

Figure 6: Instructions given for the verbal fluency task 
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Figure 7: Verbal Fluency Task Sequence 
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6.5 Dimensional Change Card Sort 
 
For the DCCS, participants were required to sort cards based on their colour 
or shape. The parameter that each participant was required to sort by on 
their first pre-switch trial was counter-balanced across participants, and 
blocks. The procedure used was based on the standard method described 
by Zelazo (Zelazo, 2006).  
 
In the current study, participants completed four blocks, with each block 
consisting of 20-second trials of a control sort (black and white cards), a pre-
switch sort, and a post-switch sort. The order of the card pairs used for each 
block was randomized across participants. Each trial was preceded by 
instructions (see Figure 8 and Figure 9) for the given condition and a short 
rest (approximately five seconds). Figure 10 shows this sequence for one 
block and Figure 11 shows the cards.  
 
The task was completed at a table, with researcher and participant sat at 90 
degrees from one another. Two piles of cards were placed centred, within 
comfortable reach of each individual participant. To limit participant 
movement during the task, the participant was not required to physically sort 
the cards. Instead, the researcher presented each card, and placed it on the 
pile that the participant pointed to. For this task, all instructions were given 
by the researcher in person. A programme was written to mark the start of 
each trial/condition in the fNIRS data, and play a sound to alert the 
researcher when each trial should finish. The laptop was placed to the right 
of the researcher, who manually started each trial when the participant was 
ready.  Outcome measures were the number of cards correctly and 
incorrectly sorted in each trial.  
 
Prior to fitting the fNIRS equipment, participants completed a practice sort to 
assess ability to sort by both shape and colour. Participants who were unable 
to sort with more than 50% accuracy did not attempt the fNIRS version. 
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  Place the practice target cards (e.g. yellow triangle and red square) in 

front of the participant, ensuring they are within reaching distance. 
 
Explain that we are going to practice a card game that we will play later. 
Say,  

“One of the games that we would like to play when you are 
wearing the special cap is a card game. Before we put the cap on, 
we want to make sure you know how to play the game”  

 
Point and label the target cards by both dimensions. Say,  
 

“Here’s a yellow triangle and here’s a red square. Now, we’re 
going to play a card game. This is the shape/colour game. In the 
shape/ colour game, all the triangles/yellow ones go here 
[pointing to the card on the left], and all the squares/red ones go 
there [pointing to the card on the right].” 

 
Pre-switch 
Sort one type of test card (e.g., a red triangle) by shape/colour. Say, 
 

“See, here’s a triangle/red one. So it goes here”  
[place it face down in front of the appropriate target card] 
 
Repeat the pre-switch rules: 
 

“If it’s a triangle/yellow it goes here, but if it’s a square/red it 
goes there. Now here’s a square/red one. Where does this one 
go?” 

 
If the participant sorts it correctly, say, 
 

“Very good. You know how to play the shape/ colour game” 
 
If the participant sorts incorrectly, say 
 

“This one’s a triangle/yellow, so it has to go over here in the 
shape/colour game. Can you help me put this triangle/yellow one 
down?” 
 

Post-switch 
Repeat with the opposite sorting dimension.  

 
 
 

Figure 8: DCCS screening task instructions  
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Place the target cards (e.g. pink heart and yellow star) in front of the 
participant, ensuring they are within reaching distance. 
 
Repeat instructions at the start of each new block. Say, 
 

“Here’s a pink heart and here’s a yellow star. Now, we’re going to 
play a card game. This is the shape/colour game. In the shape/ 
colour game, all the hearts / pink ones go here [pointing to the 
card on the left], and all the stars / yellow ones go there [pointing 
to the card on the right].” 

 
 
Pre-switch 
Identify each card presented by the appropriate dimension. Say, 

 
“Here’s a star / yellow one. Where does this one go?” 

 
Post-switch 
As above with the opposite sorting dimension 
 

Figure 9: DCCS task instructions 
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Dimensional Change Card Sort Materials 
 
Cards were 7 x 10cm in size, printed on white paper and laminated. Each 

block had cards with unique shape and colour pairs. Images were placed in 

the centre of each card, and examples of each set of target cards are shown 
in Figure 11. Cards for sorting were the opposite shape/colour pair. Control 

cards were all black, with target cards that were black and white.  
 

 

  
 

  
 

  
  

 

 
 

 
 

 

Figure 11: Image pairs used for the dimensional change card sort 
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6.6 Verbal Picture Stroop  
 

Literacy levels amongst adults with DS vary, making tasks requiring reading, 

such as traditional Stroop tasks (Stroop, 1935), unsuitable. A novel 
computerised measure of Stroop-like interference was developed for the 

current studies, based on the cat / dog task used in previous DS research 
(see section 4.5.4, plus task instructions in Figure 13) (Ball et al., 2008). In 

this task, participants are required to respond to picture stimuli by saying the 
correct name for each picture in a given pair during congruent naming trials, 

and the name of the opposite picture in the pair during incongruent Stroop 
interference trials.  

 
A block design was used (see Figure 15) to allow comparison between fNIRS 

responses during congruent and incongruent trials. Four blocks, with six 

congruent then six incongruent trials, were included. Picture pairs were: cat 
/ dog; knife / spoon; boat / car; hand / foot (as shown in Figure 12) and the 

order of pairs presented was randomized for each participant. Items were 
selected to be easily identifiable to adults with DS, and images were taken 

from the Bank of Standardised Stimuli (Brodeur, Dionne-Dostie, Montreuil, & 
Lepage, 2010).  Audio instructions were pre-recorded and presented prior to 

the start of each condition (Figure 14), followed by a five second rest prior to 
stimulus presentation. Pictures were 865x865 pixels in size, centred on a 

white screen. Each trial remained on-screen for three seconds, with a jittered 
inter-stimulus interval of three to five seconds, giving approximate block 

lengths for each condition after instructions were given of 36 to 48 seconds.  

 
Between blocks, the rest period was participant controlled. This rest period 

was programmed to last a minimum of seven seconds, and the next block 
was initiated by pressing the space-bar. During all rest periods, participants 

were instructed to relax, and remain as still and quiet as they were able to. 
The rest period immediately following the instructions at the start of each 

block was accompanied by a black screen, with no fixation point. The rest 
period between blocks displayed black text (‘Press the space bar to 

continue’) in monospaced plain text, size 40, on a white background.  
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Figure 12: Picture pairs used in the computerised picture Stroop 
task 
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 Firstly, show the participant the large picture of a cat/dog. Say,  

 
“We’re going to play a naming game. This is a picture of a cat/dog. 
When you see this picture say, ‘cat/dog’. Let’s practice.” 

 
Give the participant chance to try both animals. If they are unable to name 
either, model the game one more time and try again. If they still cannot name 
either of the animals, do not proceed. Mark that they failed the practice on the 
scoring sheet. If they can name the animals say,  
  

“Well done. Now we’re going to play the game. You will see lots of 
pictures of cats and dogs. When I point to a picture, say the name as 
fast as you can.” 
 

Place the strip on the table so that the participant can see all of the pictures. 
Point to picture 1 and start the stopwatch. Point to each subsequent picture as 
soon as the participant has said the name. Stop the stopwatch after the last 
picture (number 16). Record how many they correctly named and the total 
time taken on the scoring sheet.  
 

“Well done. This time we need to say the opposite name.” 
 
 
Show the participant the large cat/dog again. Say, 
 

“ Now, when you see this picture say dog/cat. Let’s practice.” 
 
Practice for both animals. If the participant isn’t able to name the opposite 
animal, model the game and try again. Do this up to three times. If they still 
cannot name the opposite picture, mark as failed on the score sheet and do 
not attempt fNIRS version. 
 
 
 
 
 
 
 

Figure 13: Paper Stroop task instructions 



6 Task development 
 

 

 

160 

  

 
Explain the task to the participant, say, 
 

“This next game is like the picture game we played earlier. You will be 
shown some pairs of pictures on the computer and you will have to say 
the name of the things that you see. Sometimes, you will have to say 
the opposite name. Keep looking and listening carefully. The 
computer game will tell you what to do.” 

  
 
Within-task automated instructions: 
 
General intro: “Look at the screen, you’re going to see some 

pictures.” 
 
Control condition: “When you see this picture (cat), say, ‘cat’. 

When you see this picture (dog), say, ‘dog’. 
Now it’s your turn. Say the word as soon as you 
see the picture .” 

 
Stroop condition:  “This time, you need to say the opposite name. 

When you see this picture (cat), say, ‘dog’. 
When you see this picture (dog), say, ‘cat’ . 
Now it’s your turn. Say the word as soon as you 
see the picture.” 

 
End of block:  “Excellent! Now you can take a break. When 

you’re ready to start again, press the space 
bar.” 

 
 
 
 
 
 

Figure 14: Computerised Stroop task instructions 
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Figure 15: Stroop task sequence 
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Each task was piloted in the first instance in a small group of adults without 
DS. These pilots were used to ensure that all programmes ran smoothly and 
synchronised correctly with the fNIRS measurements. A further set of piloting 
was then completed with adults with DS to assess the accessibility of each 
task. These participants also gave informal feedback regarding task and 
study procedures to ensure that the final study accommodated adults with 
DS as well as possible.  

 
Results from the pilot studies were used to define task-specific time-windows 
and cortical regions of interest (ROIs) to allow more focussed analyses in the 
final, larger study.  
 
The following chapter will present the methods of the studies. Each pilot 
study and the larger final study will then be presented in sequence.  
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Quantitative studies were undertaken in stages. Initial pilot studies assessed 
the feasibility of using fNIRS to measure frontal cortical activity during tasks 
of EF in adults with DS, and were further used to identify task-specific time-
windows and cortical ROIs to allow more focussed analyses in future data-
sets. and secondly explore age-related differences in EF task performance 
and cortical activation.  
 
The first pilot study recruited adults without DS to assess the compatibility of 
each of the tasks developed (as described in the previous chapter) with the 
fNIRS imaging equipment, and to explore whether each task elicited activity 
in the areas of the cortex sampled. The second pilot study recruited adults 
with DS to assess the accessibility of each task, to explore how well these 
individuals tolerated the fNIRS equipment and to inspect any successfully 
completed fNIRS recordings for evidence of activation during each of the 
tasks. The final study examined behavioural performance and fNIRS 
measurements in a larger group of adults with DS, using the tasks from the 
pilot studies that were found to be suitable for adults with DS, and for use 
with the fNIRS system.  
 
Methods shared across the stages are presented here. Further study-
specific information is provided in each study chapter. 
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7.1 Experimental design 
 
For all studies, in the first instance a within-participants design was used to 
examine group-level differences in performance between the different 
conditions of a task, and in cortical activity between each condition and its 
preceding baseline period.  In the final study, where tasks were found to be 
both suitable for participants with DS and capable of producing consistent 
patterns of activation, differences in performance and activation were then 
further explored in relation to task condition, participant age, general ability 
and cognitive decline status using mixed within- and between-participant 
designs.  
 

7.2 Participants 
 
Adults without DS were recruited from staff and students within UCL’s 
Division of Psychiatry and Biomedical Optics Research Laboratory. This pilot 
study focussed on feasibility and experimental design rather than exploring 
individual or group-level differences in behavioural and fNIRS responses. 
Any adult within either department who had sufficient hearing and vision to 
be able to complete the tasks was considered eligible. No financial 
compensation was offered in exchange for participation, however 
refreshments were provided. 
 
Adults with DS for the pilot and final studies were recruited from the London 
Down Syndrome Consortium (‘LonDownS’) adult participant database. To be 
eligible for the fNIRS studies, participants had to be able to travel with their 
carer to the testing facilities in central London, and engage with the executive 
functioning tasks. Participants likely to be able to engage, based on previous 
interaction with our research group, were invited initially via postal invite, 
followed up with telephone calls or emails based on carer’s contact 
preferences. Travel expenses were reimbursed for participants with DS and 
their carer(s) and taxis were provided when required. Each participant with 
DS received a £10 gift card, to thank them for their participation.  
 
Participants with DS were grouped by age, following boundaries used in the 
LonDownS studies (Startin et al., 2016): participants aged 18-35 years were 
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considered ‘younger’ and those aged 36 years or more were considered 
‘older’ adults. From prior post-mortem and amyloid PET studies (Annus et 
al., 2016; Mann & Esiri, 1989; Wisniewski, Wisniewski, et al., 1985), all adults 
within the ‘older’ group can be expected to possess AD neuropathology, 
although many will not yet be showing signs of deterioration in their abilities. 
To maximise the use of the LonDownS participant pool, recruitment during 
pilot studies focussed on individuals aged 30-37 years, creating a clearer 
separation in the final study: ‘younger’ adults here were 18-30 years and 
‘older’ adults were 36 years or older.  
 

7.3 Ethical approval  
 
Ethical approval for pilot work with adults without DS was obtained from the 
UCL Research Ethics Committee (Project ID Number: 1133/001). Informed, 
written consent was obtained from each participant prior to beginning the 
study and all studies took place in the UCL Biomedical Optics Research Lab. 
Study information sheets and consent forms can be seen in Appendix VI.  
and VII.  respectively.   
 
Ethical approval for fNIRS research with adults with DS was obtained from 
the Wales Research Ethics Committee 5, Bangor (reference 13/WA/0194). 
Information sheets were provided in Easy Read (Appendix VIII. ) and 
standard English (Appendix IX. ) formats and posted to participants and their 
carer(s) at least one week prior to their visit. These studies all took place 
within the Division of Psychiatry at UCL.  
 

7.4 Capacity assessment and consent 
 
For adults with DS, capacity to consent was assessed for each participant, 
prior to the consenting process. This process is as described in section 5.3.4.  

 
For fNIRS studies, capacity assessments took place within the same room 
as the fNIRS assessment, allowing each participant the opportunity to 
interact with the equipment should they wish, prior to making their decision 
about participation. Informed, written consent (Appendix X. ) was obtained 
from those who had capacity.  Where individuals did not have capacity to 
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consent for themselves in accordance with the UK Mental Capacity Act 2005 

(Crown Copyright, 2005), a consultee was appointed (either a family member 
or paid carer). This consultee was asked to sign a form (Appendix XI. ) 

indicating their decision regarding the individual’s inclusion based on their 
knowledge of the individual and their wishes.  

 
7.5 Measures 
 

7.5.1 Executive functioning tasks  
 
Four tasks of executive functioning were adapted for the current fNIRS 

studies. Details regarding the presentation, timing, task design and outcome 
measures for each task are given in the following thesis sections:  

 
o Go / no-go task - section 6.3 

o Semantic verbal fluency task - section 6.4 
o Dimensional change card sort task - section 6.5 

o Verbal picture Stroop task - section 6.6  

 
The VFT, DCCS and Stroop tasks were filmed using a Canon Legria HF R66 

camcorder to allow subsequent reference to behavioural responses. 
 

All four tasks were included in the first two pilot studies. The DCCS was 
removed from the battery in the final study.  

 
The CANTAB Spatial Span (SSP) task was added as an additional measure 

of working memory in the second fNIRS pilot study. Participants were 
required to remember a sequence presented to them on a screen. For each 

level of the SSP task, a number of squares were presented and the squares 
were illuminated one at a time in a set sequence. Each square remained lit 

for three seconds and three different sequences were presented at each 
level. If all three trials were incorrect, the task did not move on to the next 

level.  The task increased in difficulty from two squares to nine. For the 
forward version of the task, participants had to replay the squares in the 

same sequence that was presented. In the reverse version, participants were 

required to replay the sequence backwards. The forward version was always 
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presented first. This task was presented on a Dell Latitude XT3 laptop with a 
13.3” high-definition LCD touch screen and required participants to respond 
by touching the squares on the screen. 

 
 
7.5.2 General ability measures  
 
The Kaufman Brief Intelligence Test 2 (KBIT-2) (Kaufman & Kaufman, 2004) 
was included as a measure of general verbal (verbal knowledge and riddles) 
and non-verbal (matrix reasoning) abilities for participants with DS only.  

 
 
7.5.3 Dementia screening 
 
All participants with DS in the pilot studies, and older adults with DS in the 
final study were screened for signs of dementia. A carer who knew the 
participant well completed the Cambridge Examination for Mental Disorders 
of Older People with Down's Syndrome and Others with Intellectual 
Disabilities (CAMDEX-DS) interview schedule (Holland & Huppert, 2006) 
with a trained researcher, to assess for any changes in abilities, behaviour 
or personality. Parts 1 and 2 only were used here. Part 1 asks the informant 
about the participant’s best level of functioning (before any sign of decline). 
Part 2 asks about decline in the following areas: cognitive and functional 
decline, memory, orientation, general mental functioning, language, 
perception, praxis, executive functions, personality and behaviour, and self-
care skills.  The interview schedule distinguishes between difficulty in any 
subscale that has always been present, and difficulty that is a change from 
the participant’s previous level of functioning.  

 
 
7.5.4 Demographics  
 
The following basic demographic information was recorded for each 
participant: date of birth, sex, handedness, hair colour / thickness. Individuals 
with DS had all taken part in previous research within our group, and had 
provided extensive health information. For these participants, data was 
additionally obtained regarding any changes in their health status since their 
previous visit.  
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7.6 fNIRS Equipment 
 
fNIRS data were acquired with an NTS Optical Imaging System (Gowerlabs 
Ltd., London) with 16 light sources (at 780nm and 850nm), 16 detectors, and 
a sampling rate of 10Hz (Figure 16). The NTS system modulates the 
frequency of the signal from each source and uses software to then separate 
the multiple signals. This novel approach was developed at UCL by the team 
behind Gowerlabs (Everdell et al., 2005), and allows for considerable 
flexibility in the design of source-detector array shapes, with minor 
adaptations to their custom software.  
 
 

  

Figure 16: NTS Optical Imaging System 
Gowerlabs LTD 
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Optodes for the current project were arranged into an array of 44 ‘channels’: 
42 spaced at 30mm to measure cortical activity, plus two at 10mm to 
measure systemic blood flow changes from the scalp.  
 
Figure 17 shows the array configuration, with each channel represented by 
a black line connecting its corresponding light source and detector. This 
configuration was identical for all tasks, and was designed by collaborators 
at UCL’s Biomedical Optics Research Lab to broadly sample the frontal 
cortex, extending to areas of the premotor cortex and superior temporal gyri. 
Figure 18 shows a sensitivity map of the cortical areas sampled by this array. 
 

 

 

Figure 17: Optode array configuration, showing source, detector and channel numbers
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7.6.1 Array Fitting 
 

The optode array was embedded in an EasyCap (Minow, 2016) using 

custom-built plastic optode holders (Figure 19). The underside of each 
optode holder was lined with a small sponge ring, to enable a comfortable fit 

on the scalp. Adjustable shoulder straps were made and used to secure the 
cap in place of the in-built chin strap (Figure 19), to limit the effects of jaw 

motion during speaking tasks. EasyCap fittings were based on head 
circumference measured above the ear, and aligned using Cz and FpZ on 

the standard 10-20 system (Klem, Lüders, Jasper, Elger, & others, 1999). 
The positions of Cz and FpZ were marked on the participant’s scalp using a 

red china pencil, and an empty optode holder was placed at the location of 
Cz and FpZ in each cap, so that head markings could be seen for alignment 

(see Figure 19). Caps were provided in 2cm intervals from 54cm to 60cm for 

adults without DS, and 50cm to 58cm for adults with DS, based on the most 
common head circumferences recorded in the LonDownS cohort. Head 

circumference data were available for all participants with DS from previous 
projects, allowing optodes to be in place in the appropriately sized EasyCap 

in advance of each session. Sizes were verified during the fitting process and 
adapted if required. 

 
 

 
   

FpZ 

Cz 

Shoulder strap 

Figure 19: Fitting of the fNIRS array 
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Where possible, the three-dimensional location of each optode once fitted 
was recorded using a Polhemus Patriot Digitiser (Polhemus, 2008). 
Reference points at the nasion, inion, bilateral pre-auricular points and Cz 
were recorded at the scalp. The inion served as the origin for all other 
measurements. Optode locations were recorded at the approximate centre 
of the top surface of each optode. This equipment was available during the 
DS studies only, and positions were recorded after all fNIRS tasks were 
complete. 
 
The height of each optode was 15mm (Figure 20). Optode locations were 
repositioned from the top of the optode to the scalp surface to match the 
reference points and allow registration to a head model in AtlasViewer. For 
each participant, a centre point was estimated by taking the mean xyz co-
ordinates of the left and right pre-auricular point, the nasion and the inion. 
For each optode position, the vector between the original measurement and 
this centre point was calculated, and the original measurement was moved 
15mm towards the centre point. Repositioning was computed with a custom 
written script (Matlab version R2016a) that saved the results in a digpts.txt 
file, with the correct measurement order and reference labels for use in 
AtlasViewer.  
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 20: Fibre holders provided with the NTS Optical Imaging System (Gowerlabs LTD) 
Dimensions in mm 
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7.6.2 Channel Locations 
 
AtlasViewer (Aasted et al., 2015) was used to determine the approximate 
cortical area(s) covered by each channel. Optode locations were first 
registered to the head surface of the Colin27 Atlas provided as standard in 
the software, then projected to the underlying cortex. AtlasViewer outputs 
the co-ordinates of each channel in Monte Carlo space,  the position of the 
channel in standard Montreal Neurological Institute (MNI) co-ordinate space 
and a label of the corresponding anatomical location using the Automated 
Anatomical Labelling (‘AAL’) system developed by Tzourio-Mazoyer and 
colleagues (Tzourio-Mazoyer et al., 2002). For adults without DS, the optode 
locations from the original array design were registered to an atlas with the 
mean head measurements of the group. For each participant with DS who 
agreed to Polhemus measurements, their individual digitised measurements 
were registered. Array positioning variations were visualised across all 
participants with DS for whom data were available.  
 
Projections were used to describe approximate channel locations for all 
fNIRS task results. For each task, for non-DS adults, the mean head 
measurements across individuals in the final group for each given task were 
used in combination with a model of the original array design. For adults with 
DS, locations from all participants who completed the task and had their 
optode positions recorded were presented, showing the proportion of 
participants with a given channel covering a given cortical location. To 
facilitate comparison with other studies, in the pilot studies, the 
corresponding co-ordinates in MNI space provided by AtlasViewer were also 
converted to Brodmann Areas using the ‘Sprout’ application from the Yale 
Bioimage Suite Package 
(http://sprout022.sprout.yale.edu/mni2tal/mni2tal.html). 
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7.7 fNIRS data processing 
 
For all tasks, behavioural results were inspected in the first instance. fNIRS 

data from participants who were unable to complete the task, or who made 

errors in at least half of the trials, were removed from further analysis. For 
remaining data sets, behavioural responses to every trial were examined. 

For the GNG task, stimulus markers were removed from any incorrect 
response (i.e. commission or omission error) so data from this time period 

did not contribute to the HRF for the given condition. The DCCS, VFT and 
Stroop paradigms are block-designs. For these paradigms, single errors 

were not removed, but blocks with 50% of the trials incorrect for a given 
condition were removed completely.  

 

Raw fNIRS data were processed using Homer2, a freely available set of 
Matlab scripts, embedded in a graphical user interface (https://homer-

fnirs.org  Version 2.3, released 20/10/2017) prior to statistical analysis. Table 
2 shows the sequence of the processing steps and their respective 

parameters that were common to all tasks. Parameters were chosen based 
on inspection of the data collected and published settings from other groups 

working with fNIRS in adult populations (Brigadoi et al., 2014). Motion 
correction methods and calculation of the HRF varied across tasks, thus 

further details will be presented with the task data.  
 

The DPF used to calculate concentration changes for each wavelength was 

chosen based on published DPF maps for human forehead and 
somatosensory cortex  (Zhao et al., 2002). The values used here were the 

approximate mid-point between the smallest and largest values for the 
closest wavelength, across the top of their forehead array and the most 

anterior row of their somatosensory array, each of which would be 
represented in the array used in the current studies.  
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Table 2: Common Processing Stream 
 

Homer2 
Function Name 

Purpose Parameters Used 

hmrIntensity2OD Converts raw light 
intensity data to optical 
density 

N/A 

enPruneChannels Automatically rejects 
channels based on 
chosen light intensity, 
signal-to-noise ratio and 
source-detector distance 
values 

Reject all channels with 
mean light intensity < 0.005 
and > 10,000,000 
 
Reject all channels with 
signal-to-noise ratio < 2 
 
Reject all channels with a 
source-detector distance > 
45mm 

Motion artefact 
detection / 
correction 

Detect motion artefacts in 
the data and apply 
statistical corrections to 
recover the signal of 
interest 

Custom approach and 
parameters for each task 

hmrBandpassFilt Filter the data based on 
frequencies of interest  

Low pass = 0.5 Hz 
High pass = 0.01Hz 

hmrOD2conc Convert optical density 
data to concentration 
data, specifying the 
differential path-length 
factor (dpf) to be used 

DPF:  
lower wavelength  = 6.75 
upper wavelength = 6.5 

HRF Estimation Convert concentration 
data to a haemodynamic 
response function for 
each participant, channel, 
chromophore and 
condition  

Custom approach and 
parameters for each task 
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7.8 Data Analysis 
 
Statistical analyses and data visualisations were performed with a 
combination of custom scripts written in Matlab (version R2016a), existing 
imaging software (AtlasViewer) and standard analysis processes in SPSS 
(version 23).  
 

7.8.1 Behavioural data  
 
For preliminary analyses, where behavioural data met assumptions for 
parametric tests, descriptive task data consisted of means and standard 
deviations. Repeated-measures ANOVAs and paired-sample t-tests were 
used to examine within-participant differences in accuracy and / or response 
time between different conditions of each task. Where assumptions of 
normality were violated and data transformation was unable to correct for 
this, non-parametric equivalents were used, namely the Friedman and 
Wilcoxon signed ranks tests, and the median and interquartile range (IQR) 
of each variable were presented.  
 
For the final study, Pearson’s r was used to examine correlations between 
performance in each EF task, verbal and non-verbal abilities, and age. Group 
differences in performance in relation to age were examined using 
independent samples t-tests or Mann-Whitney U tests as appropriate. Group 
differences in relation to decline status were examined using general linear 
models (GLM) controlling for age.  
 

7.8.2 fNIRS Data  
 
Pilot studies were used to identify key time-windows and ROIs for each task, 
which were then applied to new data collected in the final study.  This process 
ensures that data used for exploration and selection are not also used to 
perform inferential analyses (i.e. ‘double dipping’), which introduces 
circularity to the analyses and thus invalidates the results (Kriegeskorte, 
Simmons, Bellgowan, & Baker, 2009) .  
 
Initial exploratory analyses of the fNIRS data assessed whether any 
individual channel showed a group-level difference in chromophore 



7 Methods 
 

 

 

179 

concentration from the immediately preceding baseline. The length of the 
baseline varied by task and is detailed in the HRF calculation approach used 
in each case. The peak amplitude of the HRF within a focused time-window 
was selected for each participant, channel, chromophore and condition for 
statistical analyses. This time-window was based on the average latency in 
seconds from block or stimulus onset, to the initial peak of the HRF for HbO2 
during the experimental condition of the given task. As the HRF is baseline 
corrected, single-sample t-tests compared the peaks during each condition 
to zero. These results were uncorrected in the first instance, to examine 
evidence of activation across the whole array.  

 
In the final study, differences in age, sex, task performance, and general 
verbal and non-verbal abilities between participants whose fNIRS data were 
accepted and rejected were examined. Group differences in continuous 
variables were examined using independent samples t-tests or Mann-
Whitney U tests. Group differences in categorical variables were examined 

by the Pearson chi-square test (c2). Where less than 5 observations were 
available in any given cell, the Fisher’s Exact test was adopted.  

 
Cortical responses in younger and older adults were considered separately 
in the first instance. Channel-wise analyses were conducted as in the pilot 
studies, with the addition of adjusted p-values following false discovery rate 
(FDR) correction for multiple comparisons. FDR corrections were calculated 
across all channels for each chromophore and task condition separately.   
 
To explore relationships between haemodynamic responses and age, 
general ability and task performance in the final study, linear regression 
models were used with task-specific ROIs. ROIs were defined using data 
from the pilot studies, based on the channels showing significant differences 
in chromophore concentration during a given task. ROIs were extended 
using anatomical labels from Polhemus measurements to include adjacent 
channels falling within similar cortical areas, and where appropriate, from 
expected areas of activation from prior studies. The mean of the full HRF for 
each participant, chromophore and task condition was calculated across all 
channels in a given ROI. The peak of this average HRF within the time-
window chosen for that specific task was then used for statistical analyses. 
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8 Study 2: Adults without 
Down syndrome pilot 
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Following the development of four adapted tasks of EF (see Chapter 6), the 

first pilot study was undertaken with adults without DS to ensure that each 

task worked in synchrony with the fNIRS imaging equipment and to explore 
whether any of the tasks showed evidence of functional activation in areas 

of the frontal array designed for the study. Data collection was limited to two 
days in March 2016 and two days in May 2016, where an NTS optical 

imaging system and engineer support were both available.  
 

8.1 Methods 
 
General methodological details are presented in Chapter 7. Methods specific 

to the current pilot study are outlined below.  
 

8.1.1 Measures 
 
Four tasks of executive functioning were included in the first pilot study: a 
go/no-go task (GNG), a verbal fluency task (VFT), a dimensional change 

card sort task (DCCS) and a picture-based Stroop task. Full details of each 

task are presented in Chapter 6.  
 

Piloting took place in stages as tasks were developed and adapted, thus not 
all participants completed all tasks. The order of task presentation was 

counter-balanced for those participants who completed more than one task 
in the same session (see Table 3). Participants were sat at a desk facing the 

laptop, which was aligned with the edge of the table closest to the participant 
such that their hands could rest in front of the keyboard.  The NTS system 

was positioned either to the side, or behind, the participant depending on the 
room used. Room lights were dimmed during all fNIRS recordings.   
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8.2 Results 
 

8.2.1 Participants 
 
12 adults without DS participated in the initial pilot studies. Table 3 shows 

sex, age and self-reported handedness details for each participant, and lists 
the tasks completed in order of administration. Table 4 shows the mean head 

measurements for this group.  
 

Table 3: Typically Developing Adult Participant Details 
 
Sex Age (years) Handedness Tasks Completed 

M 32 Right GNG (1st visit) 
DCCS/Stroop/VFT (2nd visit) 

F 29 Right GNG (1st visit) 
Stroop/VFT/DCCS (2nd visit) 

F 29 Right GNG  

F 33 Right GNG 

F 21 Right VFT/GNG 

M 26 Right GNG / VFT 

M 26 Right VFT/GNG 

F 26 Left VFT/Stroop/DCCS 

M 29 Right DCCS/VFT/Stroop 

M 31 Right Stroop/DCCS/VFT 

F 29 Right VFT/DCCS/Stroop 

M 51 Ambidextrous DCCS/Stroop/VFT 

 

 Table 4: Group head measurements for fNIRS cap fittings (centimetres) 
 

  

 Head 
circumference 

Distance between 
pre-auricular 
points 

Distance 
between nasion 
and inion  

Mean 56.83 33.77 34.70 

SD 1.94 1.82 2.27 
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8.2.2 fNIRS Data Inspection (all tasks) 
 

Raw light intensity data were first visually inspected for all participants. 

Incorrect optode labelling prevented accurate recording in channels 5 and 
18. Data from these channels were therefore removed for all participants in 

this first round of pilot studies. Channel 27 was showing a constant pattern 
of oscillation suggesting possible interference in some participants. Data 

from this channel were therefore also removed for all participants. Figure 21 
shows the raw intensity data for channel 27 (green), with data from channel 

1 (blue) included as a comparison. 
 

 

 

 

Figure 21: Example of a section of raw data from channel 27 and channel 1  

for one participant 
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8.3 Go / No-Go Task: Behavioural results 
 

7 participants completed the GNG task. Table 5 shows the average total 

number of correct go hits, go trial reaction times (RT) and commission errors 
(i.e. no-go trials where the participant failed to inhibit their response) across 

the group.   
 

Table 5: Go/ No-Go Reponses 
 

Correct Go Hits  
(Max. 54) 

Mean reaction time for 
Go hits (s) 

Commission Errors  
(Max. 18) 

Median (IQR; Range) =  
54.00 (0.00; 54.00-54.00) 

Mean (SD; Range) =  
0.44 (0.03; 0.38-0.46) 

Median (IQR; Range) =  
2.00 (1.00; 0.00-2.00) 

 

 
Across the group, participants responded slightly more quickly to go trials in 

go-only blocks (mean RT = 0.42s) than blocks including both go and no-go 
trials (mean RT = 0.48s): t(6) = -5.560, p = .001.  
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8.4 Go / No-Go Task: fNIRS Results 
 

All seven participants contributed fNIRS data for analysis. Data quality was 

assessed for each channel for each participant using the same approach for 
all tasks as explained in section 7.7.  Figure 22 displays the proportion of the 

seven participants with data surviving pruning at each channel. Three 
participants had poor data quality in 40% of the array or more, leaving four 

participants in these preliminary pilot group analyses. For these four, data 
quality was sufficient for analysis in a median of 36 channels (range 29-42).  

 

  
Figure 22: Proportion of participants with good quality data in each channel (N=7) 
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8.4.1 Motion correction  
 
The GNG task was adapted for use with adults with DS and has fewer trials 

than one would typically use for an event-related design. To avoid losing 

data, rather than rejecting trials near motion artefacts, correction techniques 
were applied. Initial visual inspection of the data set identified several 

examples of sharp spikes indicative of motion. Spline interpolation has been 
shown to be an effective approach for correcting such spikes, and 

subsequent baseline shifts (Cooper et al., 2012; Scholkmann, Spichtig, 
Muehlemann, & Wolf, 2010). In order to adopt a consistent approach to 

artefact identification, a channel-wise automated function in Homer2 was 
used with the same settings for all participants. Amplitude changes in optical 

density greater than 0.2 units, or 50 times greater than the standard 

deviation, in any 0.5 second time period were considered to be artefacts in 
this task. A period of 1 second surrounding each artefact was highlighted and 

subsequently corrected using a cubic spline interpolation, set at p=0.99. This 
function is provided in Homer2 and is based on methods published by 

Scholkmann and colleagues (Scholkmann et al., 2010). Figure 23 shows this 
process using example data from three channels in a single participant.  

 

8.4.2 HRF calculation 
 
Following bandpass filtering (Figure 24) and conversion to concentration 

changes, the HRF was estimated using a deconvolution function 
(‘hmrDeconvHRF_driftSS‘) which allows for simultaneous regression of short 

separation channel data (channels 40 and 44; regression performed with the 

nearest short channel). For this task, an event-related design was employed 
and the time range for each event extended from 2 seconds prior, to 10 

seconds post-stimulus onset. The basis function for estimating the HRF 
consisted of a consecutive sequence of Gaussian functions with a standard 

deviation of 0.5, and a step of 0.5 seconds to the following Gaussian and a 
third order polynomial drift correction was applied. 
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Uncorrected OD data 
 
 
 
 
 

 
Motion artefacts 
highlighted  
 
 
 
 
 
 
Spline interpolation 
applied 
  

Figure 24: OD example data after bandpass filtering  

Figure 23: Example OD data showing motion artefact correction  
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8.4.3 Functional activation during each condition 
 
Following HRF calculation for each condition, the full time-course of the HRF 
was plotted for each chromophore and channel. Figure 25 and Figure 26 
show the group HRF at each channel for all Hb chromophores for go and no-
go trials respectively.  
 
To determine the most appropriate time window in which to focus statistical 
analyses, the  latency in seconds to the highest point of the HRF for HbO2 
during go trials was calculated for all participants and channels. The grand 
mean latency was 5.8 seconds (SD=1.9s), and a time window of 3-8 seconds 
post-stimulus onset was selected. Mean concentration changes across this 
time window were overlaid on to a representation of the cortex to visualise 
approximate locations of activation. Figure 27 shows these changes during 
go-trials and Figure 28 during no-go trials. Channel-wise single sample t-
tests were then used to explore whether any of these concentration changes 
were significantly different from baseline.  Figure 29 highlights the channels 
in which the peak of the HRF within the time window is significantly different 
from baseline at the uncorrected p < .05 level. Table 6 provides the t-test 
results for each of these channels with approximate cortical locations and 
Figure 30 shows the full time-course of the HRF for channels showing the 
largest significant responses. 
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For each plot, the x-axis is scaled from -2 to 10 seconds post-stimulus onset and the y-axis is scaled from -0.4 to 0.4 µmolar 
 

          

 

Figure 25: Group HRFs during go trials 
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For each plot, the x-axis is scaled from -2 to 10 seconds post-stimulus onset and the y-axis is scaled from -0.4 to 0.4 µmolar 

Figure 26: Group HRFs during no-go trials 
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Figure 27: Mean molar concentration changes during go trials for HbO2 (top) and HbR (bottom) 
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Figure 28: Mean molar concentration changes during no-go trials for HbO2 (top) and HbR (bottom) 
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Figure 29: Channels showing significant differences from baseline during the GNG task 
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Table 6: Go / no-go task channel-wise t-tests 
 
  

  Channel  Mean 
HRF 
Peak 
µM 

t  df  p Approximat
e cortical 
location 

Brodmann 
Area 

G
o 

tri
al

s Hb
O

2 

26 0.17 18.44 1 .034 R. middle 
frontal  

Outside 
defined 
BAs 

28 0.12 14.53 1 .044 R. middle 
frontal 

BA10 

29 0.13 16.66 1 .038 R. superior 
frontal 

Outside 
defined 
BAs 

42 0.13 4.95 2 .038 L. superior 
medial frontal 

BA09 

43 0.15 3.56 3 .038 L. middle 
frontal 

BA09 

Hb
R 

20 -0.07 -3.67 3 .035 L. middle 
frontal  

BA10 

37 0.04 3.32 3 .045 R. middle 
frontal 

BA09 

No
-g

o 
tri

al
s  Hb

O
2 

1 -0.21 -8.57 2 .013 R. insula BA06 
13 0.06 5.73 3 .011 R. middle 

orbitofrontal  
Outside 
defined 
BAs 

20 0.12 3.60 3 .037 L. middle 
frontal  

BA10 

21 0.11 4.00 3 .028 L.  inferior 
frontal 
triangular 

BA46 

25 0.13 4.25 3 .024 R. middle 
frontal  

BA46 

30 0.10 4.16 3 .025 L. superior 
medial frontal  

BA10 

31 0.13 17.83 3 < .001 L. middle 
orbitofrontal 

BA10 

Hb
R 

17 0.05 22.60 2 .002 L. inferior 
frontal 
operculum 

BA08 
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In this event-related GNG design, concentration changes for HbO2 and HbR 
from 3-8 seconds post-stimulus onset for both go trials and no-go trials were 
small  (Figure 27 = go; Figure 28 = no-go trials), yet several channels showed 
evidence of activation.  
 
For go-trials, five channels in bilateral middle and superior frontal areas 
produced significant t-test results from an increase in HbO2 at an uncorrected 
p < .05 level. Looking at the responses across the whole HRF (Figure 30), 
channels 20 and 42 in the left hemisphere, and channels 26, 28 and 29 in 
the right hemisphere show a classic haemodynamic response function. 
Channel 43, however shows potential signs of interference. While this was 
not noticed in the unprocessed data, this channel is sat in the same position 
on the opposite side of the array to channel 27, which had already been 
removed from all participants due to a  constant pattern of oscillation seen in 
the raw data.  Channel 37 also produced a significant t-test result, yet the full 
response is unclear. Concentration changes are minimal in the first 6 
seconds, at which point an inverse response is seen, with a small increase 
in HbR and decrease in HbO2.  
 
For no-go trials, 8 channels across the frontal cortex produced significant t-
test results (p < .05 uncorrected). Plots of the full HRFs (Figure 30) show 
small, classic responses in channels 20 and 31 in the left hemisphere, but 
less certain responses in channels 17, 21 and 30. In the right hemisphere, 
channel 25 shows a small and slow increase in HbO2 with corresponding 
decrease in HbR. Channel 1 shows an inverted response, with the 
concentration of HbO2 reducing to a greater extent than the increases seen 
in other channels. For channel 13, the increase in HbO2 within the 3-8s time 
window was considered significantly different from baseline, however looking 
at the full HRF, we see a larger increase in HbR such that the response in 
this channel appears inverted from around 2 seconds post-stimulus onset.  
 
 
  



8 Study 2: Adults without Down syndrome 

 199 

8.5 Verbal Fluency Task: Behavioural Results 
 
10 participants completed the VFT. Table 7 shows the group mean numbers 
of words produced across the 3 blocks for each condition. 
 

Table 7: Verbal Fluency Task Behavioural Responses 
 

Condition  Verbal Fluency Days of the week ‘House’ 

Mean  10.90  21.70  13.23  

SD 2.75 5.55 2.88 

Range 6.67 – 17.00 15.00 – 29.67 7.33 – 17.33 

 
 
As blocks were presented in random order, one-way repeated measures 
ANOVAs for the different verbal fluency conditions confirmed that there were 
no significant differences in the number of words produced for each category: 
F(2) = .904 , p = .422 or each block: F(2) = 3.47, p = .053. However, there 
was a small but significant linear trend for the blocks F(1) = 7.579, p = .022, 
with participants producing on average 10.1, 10.9 and 11.7 words in blocks 
1, 2 and 3 respectively. 
 
Comparing the number of words produced for the verbal fluency conditions 
and the control conditions, a repeated measures ANOVA revealed a 
statistically significant difference between words produced: F= 37.256, p < 
.001. Paired-samples t-tests showed that this reflected differences between 
all of the conditions: 

 
verbal fluency compared with days of the week: t(9) = -6.726, p < .001 
verbal fluency compared with ‘house’ repetitions: t(9) = -3.195, p <.001 
days of the week compared with ‘house’ repetitions: t(9) = 5.857, p < .001 
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8.6 Verbal Fluency Task: fNIRS Results 
 

All 10 participants who completed the VFT provided fNIRS recordings. Figure 

31 shows the proportion of these 10 participants that passed data quality 
checks in each channel. 3 participants had poor quality data in 40% or more 

of the array and were removed from group analyses. The remaining 7 
participants had a median of 39 (range 29-42) channels that survived 

pruning.  
 

 
 

 
 

 

 
 

 
 

 

Figure 31: Proportion of participants with good quality data for each channel during the VFT 
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8.6.1 Motion correction approaches  
 
Unlike the GNG task, the VFT required verbal responses from participants. 
The movement of the jaw during speaking can cause slow motion artefacts 
that correlate with the haemodynamic response of interest. Previous 
comparisons of motion correction techniques using similar verbal response 
data from a word-based Stroop task found that spline interpolation alone 
does not tend to improve signal quality in this kind of data (Brigadoi et al., 
2014). Spline interpolation relies on an artefact detection algorithm that is 
very good at identifying sharp changes in optical density, but misses 
artefacts that are more similar to the physiological components of the fNIRS 
signal that we want to recover. Brigadoi and colleagues (2014) compared 
several different approaches, including principal components analysis, 
wavelet filtering, Kalman filtering and correlation-based signal improvement, 
and found that wavelet filtering not only gave the most effective method for 
motion correction, but was the only approach to recover data from all trials.  
 
Figure 32 shows the effect of applying a wavelet function with coefficients 
1.5 times greater than the inter-quartile range deemed to be outliers. The 
function is provided in Homer2 and is based on the methods used by Molavi 
and Dumont (Molavi & Dumont, 2012). While spikes of varying sizes were 
corrected well, the wavelet function alone was unable to correct for larger 
baseline shifts, such as the one shown at the beginning of the test period in 
the example data set. As spline interpolation is effective for these kinds of 
motion artefacts, a combined approach was adopted. After trialling different 
thresholds for artefact detection and correction, the final approach adopted 
for this task was to apply a spline interpolation at p=0.99 to any sections of 
data showing a change in OD greater than 0.3 units or 50 times greater than 
the standard deviation in a second, followed by the aforementioned wavelet 
filtering (Figure 33).  
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Uncorrected OD Data 
 
 
 
 
 
Data following wavelet 
filtering   
 
 
 
 
 
 
 
 
 
 
Data following spline 
and wavelet filtering 
 
 
 

 
 
 
 
 
 

Figure 32: Example OD data from VFT showing effect of wavelet filter 

Figure 33: Example OD data from VFT following spline interpolation and wavelet filtering 
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8.6.2 HRF calculation 
 
Following bandpass filtering and conversion to concentration changes, the 
HRF was estimated using the same deconvolution function as used for the 
GNG (section 8.4.2). For the VFT task, the time range extended from 5 
seconds prior to the onset of each trial, to 25 seconds after and a standard 
deviation and step of 1 second between subsequent Gaussians were 
applied. Figure 34, Figure 35, and Figure 36 show the group HRFs for the 
VFT, days of the week and house repetition conditions respectively. At first 
inspection, this block-designed task appears to produce larger Hb 
concentration changes than the GNG, with several channels showing HbO2 

concentration changes during the VFT condition greater than 1µM.  
 
The mean latency to the peak amplitude of the HRF for HbO2 during the VFT 
condition across all participants and channels was 13.79 seconds (SD = 
4.43). The time window from 9 to 18 seconds post block-onset was selected 
for subsequent analyses.  Figure 37 (verbal fluency), Figure 38 (days of the 
week) and Figure 39 (house trials) show the mean concentration changes 
across this time window for HbO2 and HbR.   
 

8.6.3 Functional activation during each condition 
 
Activation during each condition of the VFT was explored using single 
sample t-tests for each channel. Figure 40 shows the channels in which the 
peak HRF within the 9-18s window for the given chromophore / condition 
was different from baseline (p < .05, uncorrected). Table 8 gives t-test results 
with approximate cortical locations and Figure 41 shows the full time course 
of the group HRF for these channels.   
  
  
 
 
 
 
 



 
 

  

204  

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

 
For each plot, vertical lines mark the start and end of the response period (i.e. t=0 and 15 seconds) and the y-axis is scaled from -1 to 1 µmolar  

Figure 34: Group HRFs during the verbal fluency condition 
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For each plot, vertical lines mark the start and end of the response period (i.e. t=0 and 15 seconds) and the y-axis is scaled from -1 to 1 µmolar 
Figure 35: Group HRFs during the days of the week condition 
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For each plot, vertical lines mark the start and end of the response period (i.e. t=0 and 15 seconds) and the y-axis is scaled from -1 to 1 µmolar 
Figure 36: Group HRFs during the 'house' repetition condition 

S1

S2

S3

S4

S5

S6

S7

S8S9

S10

S11

S12S13

S14
S15

S16
D1

D2

D3

D4

D5

D6

D7

D8

D9

D10

D11

D12

D13

D14

D15

D16

Scaling

1.0 1.0

- Y +

- X +

Duplicate Plot

show Hidden Measurements

Time Markers

15.0 Interval

-1  1 Amplitude
(micro-molars)

show Time Markers

Legend
HbO2

HbR
HbT

8 Study 2: Adults w
ithout Dow

n syndrom
e 

 
 



 

 

207 

  
Figure 37: Mean molar concentration changes during verbal fluency trials for HbO2 (top) and HbR (bottom) 
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  Figure 38: Mean molar concentration changes during 'days of the week' trials for HbO2 (top) and HbR (bottom) 
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Figure 39: Mean concentration changes during 'house' trials for HbO2 (top) and HbR (bottom) 
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Figure 40: Channels showing differences in HRF during each VFT condition versus baseline 
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Table 8: VFT channel-wise t-tests 
 

  Channel  Mean 
HRF 
Peak 
µM 

t  df  p Approximate 
cortical 
location 

Brodmann 
Area 

Ve
rb

al
 fl

ue
nc

y 
co

nd
iti

on
 

Hb
O

2 
1 1.24 3.07 6 .022 R. superior 

temporal pole 
Outside 
defined 
BAs 

2 1.93 4.04 6 .007 R. inferior 
frontal 
triangular 

BA44 
 

3 1.33 4.16 6 .006 R. inferior 
orbitofrontal 

BA46 

8 0.76 3.66 4 .022 L. inferior 
orbitofrontal  

BA47 

Hb
R 

17 -0.30 -5.53 3 .012 L. precentral  BA08 

Da
ys

 o
f t

he
 w

ee
k 

co
nd

iti
on

 

Hb
O

2 

17 -0.66 -
10.30 

3 .002 L. precentral  BA08 

20 -0.87 -3.34 6 .016 L. middle 
orbitofrontal 

BA10 

24 -0.62 -5.01 6 .002 R. middle 
orbitofrontal  

BA10 

30 -0.56 -2.79 6 .031 L. superior 
orbitofrontal 

BA10 

Hb
R 

10 -0.58 -3.15 6 .020 R. inferior 
frontal 
triangular 

BA09 

14 -0.21 -2.80 5 .038 R. superior 
medial frontal   

BA10 

23 -0.16 -3.17 6 .019 R. middle 
frontal  

Outside 
defined 
BAs 

 
All other condition / chromophore comparisons in all other channels p > .05 
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Figure 41: Full time course of the group HRF for active channels during the verbal fluency task 



8 Study 2: Adults without Down syndrome 

 213 

Results from the 7 final participants in the VFT task suggest that compared 
to baseline, the VFT condition elicits strong activation, indicated by a clear 
increase in HbO2 and corresponding decrease (although not significant at p 
< .05) in HbR in 3 channels (numbers 1,2 and 3) in the right hemisphere, 
extending from inferior frontal, and orbitofrontal areas to superior temporal 
regions, and one channel (8) in the left inferior orbitofrontal cortex. One 
further channel (17, precentral) shows a significant decrease in HbR during 
the VFT condition, however the group HRF for HbO2 in this channel also 
appears to decrease to a similar degree, reducing certainty that this channel 
shows genuine activation. Looking at the concentration changes in Figure 34 
and Figure 37, there appears to be an increase in HbO2 and corresponding 
decrease in HbR over further areas of the left superior temporal / inferior 
frontal regions (e.g. channel 6 which connects source 3 with detector 16), yet 
these changes did not reach significance in this small sample. Two further 
channels (numbers 5 and 18) in this area were removed from analyses, so 
these will be of particular interest in the subsequent studies.  
 
Activation in the control conditions differed, with no channels showing a 
significant change in HbO2 or HbR concentration during repetition of the word 
‘house’. While reciting days of the week, however, several channels showed 
significant differences in chromophore concentration compared to the 
immediately preceding 5 second baseline. Significant HbO2 changes were 
primarily located in bilateral orbitofrontal areas, whereas decreases in HbR 
were seen across the frontal cortex. All channels that produced significant 
results in the days of the week t-tests, however, showed reductions in HbO2 

concentration during this condition, thus an inverse to what would be 
expected in a classic activation pattern.  
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8.7 Dimensional change card sort: behavioural results 
  
Seven participants completed the DCCS. Data from one participant was lost 
due a camera malfunction, thus data from six participants are presented 
here. Table 9 shows the average number of cards sorted correctly and 
incorrectly in each stage of the DCCS. 
 

Table 9: Dimensional Change Card Sort Behavioural Results 
 

 
 
A repeated-measures ANOVA showed significant differences in the number 
of cards correctly sorted by condition: F(2) = 42.927, p < .001. Paired-
samples t-tests showed no significant differences between the pre- and post-
switch conditions: t(5) = .131, p = .901, indicating that the switch did not 
create any loss of speed for these adults. However, significantly fewer cards 
were sorted in the control condition compared to both pre-switch: t(5) = 
9.903, p < .001 and post-switch: t(5) = 6.348, p = .001 conditions.   
 
A Wilcoxon signed ranks test found that differences in the number of errors 
pre- and post-switch did not reach statistical significance Z = -1.633, p = .102, 
supporting the previous results that suggest that in this sample, switching 
between sorting parameters did not lead to any substantial reduction in 
performance.  
 
 

Total pre-
switch 
correct 

Total pre-
switch 
errors 

Total post-
switch 
correct 

Total post-
switch 
errors 

Total 
control 
correct 

Total 
control 
errors 

Mean 
(SD; 
Range) = 
40.83 
(3.19; 
37.00 - 
46.00) 

Median 
(IQR; 
Range) =  
0.00 
(0.00; 
0.00 – 
0.00) 

Mean (SD; 
Range) = 
40.67 
(4.59; 
35.00 – 
46.00) 

Median 
(IQR; 
Range)  
= 0.50 
(2.25; 0.00-
6.00) 

Mean (D; 
Range) = 
29.00 
(1.67; 
27.00 – 
31.00) 

Median 
(IQR; 
Range) =  
0.00 (0.00; 
0.00 – 
0.00) 
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8.8 Dimensional Change Card Sort: fNIRS Results 
 
fNIRS data were examined for all six participants included in the behavioural 
analyses. For one participant, video footage confirms that the programme 
used to time each trial and send markers to the fNIRS laptop was running, 
however the recorded data contained no stimulus markers, thus could not be 
analysed. Figure 42 shows the proportion of the remaining participants with 
data meeting quality thresholds at each channel. One participant had > 40% 
of channels rejected by data quality checks and was removed from group 
analyses. The remaining four participants had a median of 38.5 channels 
(range 37-41) with data included in group analyses.  
 
 
 
 
 
 

 
 

Figure 42: Proportion of participants with good quality data at each channel during the 
DCCS (N=5) 
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8.8.1 Motion Correction 
 
Preliminary visual inspection of the fNIRS data following conversion to 
changes in OD aimed to identify sections of data showing sharp changes in 
the OD data either in the form of ‘spikes’ or baseline shifts. Responses for 
this task required small hand movements from the participants, and in 
comparison to the other tasks, there appeared to be fewer visually clear 
motion artefacts in the data. Automated methods were applied to detect and 
correct artefacts across the whole data set. Figure 43 shows an example of 
a sharp change in OD likely caused by motion during the DCCS, followed by 
the same data after motion correction functions had been applied. For this 
task, changes in OD greater than 0.2 units were considered artefacts. Spline 
interpolation at p=0.99 showed little improvement to the spikes shown here. 
A wavelet function denoting data points 1.5 times the IQR as outliers was 
more effective at smoothing these spikes, thus this approach was adopted 
for all participants.     
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Example of spike-style 
change in OD during the 
DCCS from three 
channels in a single 
participant 
 
 
 
 
 
 
 
 
Motion artefacts 
highlighted in each 
channel separately. OD 
changes > 0.2 units in 
0.5 seconds, or 50 
times the SD were 
considered artefacts 
 
 
 
 
 
 
 
Data following spline 
interpolation (p=0.99) 
 
 
 
 
 
 
Data following wavelet 
transformation. Data 
points > 1.5 times the 
IQR were considered 
outliers  

Figure 43: Spike-style motion artefact with motion correction 
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8.8.2 HRF Calculation 
 
Following bandpass filtering and conversion to concentration changes, the 
HRF was estimated using the same deconvolution function as previous tasks 
(section 8.4.2). For the DCCS, the time range for each condition extended 
from 5 seconds prior, to 30 seconds after the onset of each card sort, thus 
covering 10 seconds after the end of each sorting condition. The basis 
function for estimating the HRF consisted of a consecutive sequence of 
Gaussian functions with a standard deviation of 1, and step of 1 second to 
the following Gaussian and a third order polynomial drift correction was 
applied.  
 

8.8.3 Functional activation during each condition 
 
To explore evidence of functional activation during each condition, the group 
level HRFs for each channel are shown in Figure 44, Figure 45 and Figure 
46, for control, pre-switch and post-switch sorting conditions respectively.  
 
The mean latency across all participants and channels to the peak of the 
HRF for HbO2 during the post-switch condition was 17.81 seconds post-sort 
onset (S.D. = 4.30). Subsequent analyses focussed on the time window from 
13 to 22 seconds after the start of each card sort. Figure 47, Figure 48 and 
Figure 49 show the mean concentration changes for both HbO2 and HbR 
across this time window for the control, pre- and post-switch conditions in 
turn. Figure 50 displays the channels that showed a significant difference in 
chromophore concentration from baseline (p < .05, uncorrected) during each 
condition of the DCCS task and Table 10 provides t-test results for these 
channels. To examine the full time-course of the group HRF for each for 
these channels, plots for each condition are shown in Figure 51.  
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For each plot, vertical lines mark the start and end of the response period (i.e. t=0 and 20 seconds) and the y-axis is scaled from -0.5 to 0.5 µmolar 

Figure 44: Group HRFs during the control sorting condition Legend
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For each plot, vertical lines mark the start and end of the response period (i.e. t=0 and 20 seconds) and the y-axis is scaled from -0.5 to 0.5 µmolar 
Figure 45: Group HRFs during the pre-switch condition of the DCCS 
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For each plot, vertical lines mark the start and end of the response period (i.e. t=0 and 20 seconds) and the y-axis is scaled from -0.5 to 0.5 µmolar 
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Figure 46: Group HRFs during the post-switch condition of the DCCS 
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Figure 47: Mean molar concentration changes during control sorting for HbO2 (top) and HbR (bottom) 
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Figure 48: Mean molar concentration changes during the pre-switch sort condition for HbO2 (top) and HbR (bottom) 
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  Figure 49: Mean molar concentration changes during the post-switch sorting condition for HbO2 (top) and HbR (bottom) 
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Figure 50: Channels showing significant differences in chromophore concentration from baseline during the DCCS task 
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Table 10: DCCS channel-wise t-tests 
 

  Channel  Mean 
HRF 
Peak 
µM 

t  df  p Approximate 
cortical 
location 

Brodmann 
Areas 

Co
nt

ro
l s

or
t 

Hb
O

2 

28 0.28 3.58 3 .037 R. middle 
frontal 

Outside 
defined 
BAs 

31 0.20 3.62 3 .036 L. middle 
orbitofrontal  

BA10 

38 0.34 4.53 2 .045 R. middle 
frontal  

Outside 
defined 
BAs 

Hb
R  

1 0.17 3.20 3 .049 R. superior 
temporal  

BA06 

7 0.06 3.75 3 .033 L. inferior 
orbitofrontal  

BA10 

8 0.09 5.85  3 .010 L. inferior 
orbitofrontal  

BA47 

9 0.11 8.79 3 .003 R. precentral  Outside 
defined 
BAs 

16 0.07 6.60 3 .007 L. inferior 
frontal 
triangular 

BA44 

Pr
e-

sw
itc

h 

Hb
O

2 

42 0.26 5.78 2 .029 L. superior 
frontal  

BA09 

Hb
R 

7 0.08 7.74 3 .004 L. inferior 
orbitofrontal  

BA10 

13 0.09 4.85 3 .017 R. superior 
medial frontal  

BA10 

Po
st

-s
w

itc
h 

Hb
O

2 13 -0.27 -3.83 3 .031 R. superior 
medial frontal 
 

BA10 

Hb
R 

26 0.07 7.58 3 .005 R. superior 
frontal 

Outside 
defined 
BAs 

31 0.12 3.23 3 .048 L. middle 
orbitofrontal 

BA10 

35 0.25 5.28 2 .034 L. middle 
frontal 

Outside 
defined 
BAs 
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Figure 51: Group HRFs for active channels during the DCCS 
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Results from the DCCS show several channels with significant differences in 
chromophore concentration from baseline for each condition of the task, 
however few were showing a classic haemodynamic response.  
 
During the control sort condition, channel 28 (right middle frontal gyrus) was 
the only channel to show an increase in HbO2 with a corresponding reduction 
in HbR concentration. Channels 1 and 38 in the right hemisphere also show 
an increase in HbO2 during control sorting (Figure 51), however both show 
corresponding increases in HbR which just reached significance. In the left 
hemisphere, only channel 31 saw an increase in HbO2 concentration, 
however this too was accompanied by an increase in the concentration of 
HbR. Channels 7,8 and 16 all showed an inverted response, starting from 
around 10s after the start of the sort.  
 
During the pre-switch condition, none of the channels that produced a 
significant t-test result showed a classic HRF, while in the post-switch 
condition all significant channels were showing more of an inverted 
response.    
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8.9 Picture Stroop Task: Behavioural Results 
 

Seven participants completed the verbal picture Stroop task. A video-

recording malfunction prevented behavioural data from being scored for one 
participant. Full data sets from six participants are therefore included in the 

final sample. Accuracy was near perfect in this group.  Table 11 shows 
descriptive statistics for each condition.  

 
 

Table 11: Stroop Behavioural Responses 
 

 Correct congruent trials 
(max 24) 

Correct incongruent trials 
(max 24) 

Median (IQR; 
Range) 24.00 (0.00; 24.00-24.00) 24.00 (0.25; 23.00-24.00) 

 

 
A Wilcoxon signed ranks tasks found no difference in accuracy between the 

congruent and incongruent trials for this sample: Z = -1.0. p = .317, 
suggesting that, on the behavioural level, this pictorial adaptation of the 

Stroop task is too simple to create a substantial loss of accuracy in 

incongruent trials compared to congruent ones for typically developing 
adults.   
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8.10 Picture Stroop Task: fNIRS Results 
 

Six adults contributed fNIRS measurements for the Stroop task. Figure 52 
shows the percentage of all participants contributing data to each channel, 

following pruning of poor quality channels. Two participants had more than 

half of the array meet the thresholds for rejection and were removed from 
group analyses. The remaining four participants had a median of 37 (range 

28-38) channels with sufficient quality data for analysis.  
 

 
 

 
 

 

 

  
Figure 52: Proportion of participants with good quality in each channel (N=6) 
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8.10.1 Motion correction  
 
Like the VFT, the Stroop task required verbal responses from participants, 

thus a wavelet transform was used to correct for the smaller motion artefacts 

that can be caused by jaw motion during speech. Coefficients 1.5 times 
larger than the IQR were deemed outliers. In this data set, baseline shifts 

were also identified in several channels and individuals. A spline interpolation 
was used prior to the wavelet transform to correct for these larger shifts, with 

changes in optical density greater than 0.3 units per second highlighted for 
subsequent correction. Example data at each of these steps is shown in 

Figure 53.  
 

 

 
Uncorrected optical 
density data from four 
channels from one 
participant:  
 
 
 
 
 
 
 
 
 
 
Data following wavelet 
filtering only: 
 
 
 
 
 
 
Data following spline 
interpolation then 
wavelet filter: 
  

Figure 53: Example OD data for the Stroop task showing motion correction effects 
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8.10.2 HRF calculation 
 
The HRF was estimated using the same deconvolution function as previous 
tasks. For the Stroop task, the time range extended from 5 seconds prior to 
45 seconds post block onset for each condition, and the standard deviation 
and step between subsequent Gaussians were both 1 second.  
 
 

8.10.3 Functional activation  
 
 
 
Figure 54 and Figure 55 show the group-averaged HRFs for HbO2 (red), HbR 
(blue) and HbT (green) for each channel during congruent and incongruent 
trials respectively.  
 
The mean latency to the initial peak in HbO2 concentration during 
incongruent trials across all participants and all channels was 15.08 seconds 
post-block onset, with a standard deviation of 5.07 seconds. A time window 
from 10-20 seconds post-block onset was selected for analysis, with Figure 
56 (congruent trials) and Figure 57 (incongruent trials) showing the mean 
concentration changes over this time window.  
 
Figure 58 displays the channels that show a difference in chromophore 
concentration during a given condition compared to baseline that is 
significant at the uncorrected p < .05 level. Table 12 provides the T-test 
results for each of these channels, with an approximate location for the area 
of cortex sampled. Figure 59 show the full time-course for channels showing 
significant differences in chromophore concentration from baseline during 
incongruent trials in the left (channels 8, 16, 43) and right (channels 1-4, 9) 
hemispheres.   
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Figure 54: Group-averaged HRFs for each channel during congruent trials 
The vertical line is positioned at time=0 (i.e. the start of the block) and extends from -0.5 to 0.5 µMolar. 
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The vertical line is positioned at time=0 (i.e. the start of the block) and extends from -0.5 to 0.5 µMolar. 

  

Figure 55: Group-averaged HRFs for each channel during incongruent trials 
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Figure 56: Mean molar concentration changes during congruent trials for HbO2 (top) and HbR (bottom) 
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Figure 57: Mean molar concentration changes during incongruent trials for HbO2 (top) and HbR (bottom) 
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Figure 58: Channels showing significant differences in chromophore concentration from baseline in the Stroop task 
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Table 12: Stroop task channel-wise t-tests 

 
 Channel  Mean 

HRF 
Peak 
µM 

t  df  p Approximate 
cortical 
location 

Brodmann 
Areas 

Co
ng

ru
en

t t
ria

ls
 

Hb
O

2 1 0.50 4.28 3 .023 R. superior 
temporal  

BA06 
Hb

R 

7 -0.11 -7.44 3 .005 L. middle 
frontal 

Outside 
defined 
BAs 

16 -0.31 -4.85 2 .040 L. inferior 
frontal 
operculum 

BA44 

19 0.09 4.01 3 .028 L middle 
frontal 

BA10 

31 0.12 3.37 3 .043 L superior 
orbitofrontal 

BA10 

40 8.62e-15 4.25 3 .024 R. inferior 
frontal 
triangular 

BA09 

In
co

ng
ru

en
t t

ria
ls

 
 

Hb
O

2 
 

1 0.75 11.99 3 .001 R. superior 
temporal  

BA06 

2 0.71 5.72 3 .010 R. inferior 
frontal 
operculum 

BA44 

3 0.64 5.97 3 .009 R. inferior 
frontal 
triangular 

BA46 

4 0.35 3.35 3 .044 R. inferior 
frontal 
triangular 

BA10 

8 0.34 4.32 3 .023 L. inferior 
frontal 
triangular 

BA45 

9 0.38 4.89 3 .039 R. precentral Outside 
defined 
BAs 

16 0.31 25.96 2 .001 L. inferior 
frontal 
operculum 

BA44 

25 -0.25 -3.29 3 .046 R. middle 
frontal 

BA46 

Hb
R 

1 -0.19 -6.53 3 .007 R. superior 
temporal  

BA06 

26 0.13 3.37 3 .043 R. superior 
frontal  

Outside 
defined 
BAs 

37 0.26 3.39 3 .043 R. inferior 
frontal 
triangular 

BA09 

43 -0.39 -9.48 3 .002 L. middle 
frontal 

Outside 
defined 
BAs 

All other channels p > .05 
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Figure 59: Group HRFs for selected active channels during the Stroop task 
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8.10.4 Stroop task results summary 
 
fNIRS results from this small pilot of an adapted, picture-based Stroop task 
are promising, with distinct patterns of concentration changes occurring for 
the two conditions. 
 
During congruent trials, channel 1, centred in the right superior temporal 
gyrus, was the only channel to show a significant increase in HbO2. Channel 
16 covering the left inferior frontal operculum saw a significant decrease in 
HbR, which when looking at the full time course (Figure 59), can be seen to 
also arise from a classic HRF shape. Channels 7, 19 and 31, despite 
producing significant t-test results, show less certain responses when the 
whole time course is considered. While channel 40 showed a statistically 
significant increase in HbR, the actual change in concentration was 

extremely small (8.62e-15µM). Channel 40 is one of the short separation 
channels. Data from these channels were regressed out from other nearby 
channels to remove the potentially confounding effects of oxygen 
concentration changes in blood from the scalp, which is why this channel 
appears flat in Figure 59.  
 
During the incongruent trials, clusters of channels in bilateral inferior frontal 
and superior temporal areas (channels 1:4, 8,9,16) showed clear, strong, 
classic HRFs.  Channel 43 again showed some possible interference, 
although across the full HRF, still followed a pattern of HbO2 initially 

increasing and HbR decreasing. 
 
  



8 Study 2: Adults without Down syndrome 

 
 241 

8.11 Discussion 
 
The current pilot study assessed the suitability of four adapted tasks of 
executive functioning for use in future fNIRS neuroimaging studies. The four 
tasks included a go / no-go task, a verbal fluency task, a dimensional change 
card sorting task and a picture-based version of the Stroop task. All 
computerised tasks worked well with the fNIRS equipment, and the scripts 
written for stimuli presentation successfully marked stimulus onsets in the 
fNIRS recordings, allowing changes in haemodynamic activity in relation to 
different task conditions to be explored. Behavioural and fNIRS responses 
for each task will be briefly discussed in turn.  
 

8.11.1 Go/No-Go 
 
All participants correctly responded to all 54 go trials, and none made more 
than 2/18 errors inhibiting their response during no-go trials, indicating that 
participants were able to concentrate well for the duration of the task.   
 
From previously published studies, increases in HbO2 concentration during 
no-go trials could be expected in bilateral inferior and middle frontal areas, 
along with potential decreases in HbO2 in medial prefrontal areas (Herrmann, 
Plichta, et al., 2005; Mehnert et al., 2013; Rodrigo et al., 2014; Simmonds et 
al., 2008). While only four participants contributed fNIRS measurements for 
group analyses, and concentration changes in this event-related design were 
smaller than those seen in other tasks, our results do suggest that this event-
related design is capable of eliciting activity in bilateral middle frontal areas 
during no-go trials, and we also see activation during go trials bilateral frontal 
areas, as reported by other groups (Herrmann, Plichta, et al., 2005).  
 
These results suggest our event-related design is capable of producing 
distinct patterns of activation for each condition, despite having just 18 no-
go trials in total. However, very few participants contributed to each of the 
significant channels, thus it remains to be seen how robust these responses 
are. Given successful administration in a small pilot study, this task will be 
used in the next stage of piloting to assess its suitability for adults with DS.   
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8.11.2 VFT 
 
Pilot results suggest that the VFT was easy to administer and capable of 
producing bilateral inferior frontal activation during verbal fluency trials, 
matching findings from previous VFT studies (Tupak et al., 2012). Two 
channels in the left hemisphere were unavailable in the current study, thus 
further piloting should examine whether this task elicits stronger activation in 
the left than right inferior frontal cortex, as reported by other groups 
(Costafreda et al., 2006; Wagner, Sebastian, Lieb, Tüscher, & Tadić, 2014). 
 
No channels showed significant changes from baseline during the ‘house 
repetition’ control condition, however channels 17, 20 and 30 in the left 
precentral and orbitofrontal regions, and channel 24 in the right middle 
orbitofrontal cortex each show decreasing HbO2 concentration during the 
‘days of the week’ control condition, suggesting possible deactivation in 
these areas during this automated form of speech.  
 
Despite instructions to match the timing of words produced across 
conditions, the mean numbers of words produced in control conditions were 
significantly greater than in the VFT condition. It is unclear, therefore, 
whether the reduction in HbO2 concentration during the ‘days of the week’ 
control trials reflected genuine differences in neural activation, or could 
potentially be explained by the higher frequency of vocalisation. There is 
evidence that tasks that involve constant speech can lead to 
hyperventilation, which reduces the amount of carbon dioxide in the blood 
(hypocapnia), which in turn can reduce the concentration of HbO2 and 
increase that of HbR (Scholkmann, Gerber, Wolf, & Wolf, 2013).  The speech 
periods in the current task were much shorter (15 seconds versus 5 minutes) 
than the study cited, thus this may not hold true for the current study, yet it is 
noted as a pattern to look out for in the subsequent studies. For future pilots, 
to attempt to reduce the difference in the number of words produced in the 
different conditions, a practice control block will be included to model the 
timing of responses.   
  



8 Study 2: Adults without Down syndrome 

 
 243 

8.11.3 DCCS 
 
This task is used primarily with children as an alternative to more complicated 
card-sorting tasks such as the Wisconsin Card Sorting Test (Grant & Berg, 
1948). In this typically developing adult population, there were no differences 
in performance between pre- and post-switch conditions, as measured by 
accuracy and total number of cards sorted within the time frame. It is likely 
that this indicates that the task was too simple for this group.   
 
Previous studies had found increased HbO2 concentration, with concurrent 
decreased HbR concentration in bilateral inferior prefrontal areas during pre- 
and post-switch phases (Moriguchi & Hiraki, 2009, 2014). The results seen 
here do not match these precedents: during the pre-switch phase only one 
channel showed an increase in HbO2 (channel 42; left superior frontal), 
whereas others in superior frontal and inferior orbitofrontal areas showed an 
increase in HbR. In the post-switch sort, superior and middle frontal regions 
were showing an inverse response, with HbO2 increasing, and HbR 
decreasing, compared to the five seconds prior to the start of the sort. 
 
While these initial results do not provide strong evidence for robust cortical 
responses in this task, the results do show that the task can be administered 
easily in an fNIRS study. Further, behavioural performance is likely to be 
quite different in a population with DS, therefore this task will be explored 
further in the next round of pilot studies with adults with DS.  
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8.11.4 Picture Stroop Task 
 
Pilot studies with typically developing adults suggest that while on the 
behavioural level, this task was too simple to cause reduced accuracy in 
incongruent trials, on the neural level this task is capable of eliciting different 
patterns of activation for congruent and incongruent trials in the frontal 
cortex. Differences in chromophore concentration occurred in bilateral 
inferior frontal cortical areas during congruent trials compared to resting 
baseline, with the largest change seen in a channel covering the left inferior 
frontal cortex. Only 4 adults had sufficient quality data to be included in the 
group analysis, nevertheless, these preliminary findings fit well with 
previously reported studies showing an increase in HbO2 during incongruent 
trials in the left inferior frontal cortex during a word-based Stroop (Ehlis et al., 
2005; Yennu et al., 2016).  
 
Classic Stroop paradigms typically use reaction time in addition to accuracy 
to examine differences in performance between conditions. The verbal 
responses required for this task make it difficult to measure reaction time.  
However, the cat / dog task that this computerised version was based on 
(Ball et al., 2008) did include a timing element: the pictures in the original 
version were presented altogether on a strip of card and the researcher timed 
how long it took the participant to name them all. To ensure all participants 
with DS understand the concept of the Stroop task, and to provide a proxy 
measure of each participant’s reaction time, the paper-based cat/dog task 
will be used to screen ability prior to the fNIRS task in the DS studies, with 
timings recorded using a TIM stopwatch (model TIM901R). 
 
To remove potential interference from the practice paper version, the cat / 
dog pair was removed from the computerised version. The four final pairs 
used were: hand/foot, car/boat, cow/pig and spoon/knife. Feedback from 
participants in the current pilot study suggested that the pictures may move 
from the screen too quickly for a population with ID, thus prior to the DS pilots 
this task was further modified to increase the display time for each trial from 
1 to 3 seconds.  
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8.11.5 Data Loss 
 
In this typically developing adult group, data loss occurred exclusively due to 

poor data quality: no fNIRS data were lost due to poor task performance. 

fNIRS data quality varied across channels and participants. Data quality 
appeared to vary systematically across the array, with channels placed 

across the forehead showing the highest data quality, and those towards the 
back of the array, which sat across the top of the head, being more likely to 

be rejected by the prune channels function. Given this pattern, it is likely that 
hair was affecting the coupling between the optodes and the scalp in our 

array design. This notion is further supported by participant-wise variation in 
data quality: all data sets that failed to pass the data quality thresholds came 

from female participants with long, thick hair. The colour of their hair varied, 

thus it seems quantity of hair is the problem, rather than the colour. This 
issue is of concern, as it may introduce sampling biases in the final group 

data for each task, making results less representative than the samples 
originally recruited. 

 
In this sample, the proportion of full data sets lost ranged from 16.66% (1/6 

full data sets rejected) in the DCCS to 43% (3/7 full data sets rejected) in the 
Stroop task. These attrition rates are somewhat lower than those reported in 

infant fNIRS studies, where it is not uncommon to lose more than 60% of 
data collected (Cristia et al., 2013), yet as future work will be with adults with 

DS, where recruitment can be challenging, it is important to try and reduce 

data loss wherever possible. Data quality concerns were reported back to 
Gowerlab’s engineers, who updated the NTS system prior to commencing 

the DS pilot study. The strength of the lasers used for each light source was 
doubled, which was thought would help improve the chances of light from 

the source passing through the hair and scalp. Data loss will be reported and 
described in subsequent studies, to examine whether the upgrade improved 

data retention.  
 

 
Table 13 outlines issues that arose during this first stage of the pilot studies, 

with the adaptations that were implemented to reduce such problems in 

subsequent studies. 
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Table 13: Issues arising during the first pilot study 
 

Issue Impact Adaptations  
Source ‘C’ and detector 
‘16’ had been marked 
with the wrong labels, 
leading to incorrect 
placement in the array  

Optode locations did not 
match what was defined 
in the source-detector 
file, thus locations and 
distances for channels 5 
and 18 were incorrect.   

Channels 5 and 18 were 
removed from all 
analyses in this first 
round. Hardware was 
carefully checked prior 
to future data collection. 

Channel 27 was 
showing a constant 
pattern of oscillation 

This data was likely 
distorted by interference 
from the nearby short-
separation channel, and 
unlikely to be reflecting 
the signal of interest from 
the cortex. 

Data from this channel 
were removed from all 
analyses. The issue was 
reported to the 
engineers who then 
updated the NTS 
software prior to starting 
the DS pilots. 
 

Data quality was very 
poor from participants 
with long, thick hair 

Data loss for several 
participants, despite time 
spent trying to move hair 
away from the optodes. 

The strength of the 
lasers in the hardware 
was doubled prior to DS 
data collection.  

Some small / unclear 
fNIRS responses in the 
small group tested – as 
data collection time was 
limited 

Uncertainty regarding 
responses, however 
several tasks showed 
evidence of activation in 
areas that align with 
previous studies  

Where possible, testing 
periods will be longer to 
allow larger samples to 
be recruited 

VFT task: participants 
produced more words in 
control than 
experimental blocks 

Differences in fNIRS 
measurements between 
conditions could reflect 
differences in frequency 
of word production rather 
than differences in the 
kind of word produced in 
each condition 

Timings to be practiced 
in future studies prior to 
data collection.  

 
 
 
All four EF tasks were next examined in a small DS pilot study. 
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9 Study 3: Adults with 
Down syndrome pilot 
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9.1 Methods 
 
General methods are given in Chapter 7. Study specific details are given 

below.  

 

9.1.1 Measures 
 
Screening tasks for the DCCS, VFT and Stroop were completed prior to 

fitting the fNIRS equipment, and the ordering of screening tasks and fNIRS 
tasks were counter-balanced based on participant number, as shown in 

Table 14. Participants who were unable to complete a given screening task 
did not attempt the fNIRS version.  

 
The testing room for the DS studies was set with the fNIRS equipment placed 

on a trolley behind the participant. A foam-covered barrier at the front of the 

NTS system was used to hold the weight of the optical fibres, to minimise 
discomfort for the participants. For the GNG, VFT and Stroop task, the laptop 

was positioned directly in front of the participant with the front edge aligned 
with the table edge. For the DCCS, the laptop was placed across from the 

researcher, aligned with the opposite edge of the table.  
 

In addition to the EF tasks that were developed for this study, the spatial 
span (SSP) task from the CANTAB battery was trialled to assess suitability 

for inclusion as a measure of working memory. The SSP was completed after 
all other tasks, in order to prioritise the data from the fNIRS tasks. Full details 

of this task are given in section 7.5.1.  
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Table 14: DS Pilot Study Assessment Schedule 
 

 
  

Order Older adults: 
odd numbers 

Older adults: 
even numbers 

Younger adults: 
odd numbers 

Younger 
adults: even 
numbers 

1 Stroop practice DCCS practice Days of week 
practice 

DCCS practice 

2 DCCS practice Days of week 
practice 

Stroop practice Stroop practice 

3 Days of week 
practice 

Stroop practice DCCS practice Days of week 
practice 

4 Head 
measurements  

Head 
measurements  

Head 
measurements  

Head 
measurements  

5 Fit fNIRS cap Fit fNIRS cap Fit fNIRS cap Fit fNIRS cap 
6 Photos Photos Photos Photos 
7 Verbal Fluency DCCS Go/No-Go Go/No-Go 
8 Go/No-Go Stroop Verbal Fluency Verbal Fluency 
9 Stroop Go/No-Go DCCS DCCS 
10 DCCS Verbal Fluency Stroop Stroop 
11 Polhemus 

Measurements 
Polhemus 
Measurements 

Polhemus 
Measurements 

Polhemus 
Measurements 

12 Break Break Break Break 
13 K-Bit K-Bit K-Bit K-Bit 
14 Spatial Span Spatial Span Spatial Span Spatial Span 
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9.2 Results 
 
9.2.1 Participants 
 
18 adults with DS were invited to participate, with nine attending a pilot study 
session. Of the nine non-attendees, two refused and seven were unable to 
attend during the study time frame.  Table 15 shows sex, age, handedness 
and KBIT-2 scores for the 9 participants who took part. Carers for all 
participants completed the CAMDEX interview. None of the pilot study 
participants had a diagnosis of dementia or had been referred for 
assessment. Possible cognitive decline was defined by deterioration in two 
or more subscales of the CAMDEX, present for at least six months that could 
not be explained by other causes (for example hypothyroidism or 
depression). None of the pilot study participants presented with signs of 
cognitive or functional decline at the time of the study.  
 

Table 15: DS Pilot Study Group Demographics 
 

Sex Handedness Age Raw 
Verbal 
Ability 
Score 
(Max. 
108)  

Verbal 
Standardised 
IQ Score 

Raw 
Non-
verbal 
Ability 
Score 
(Max. 
46) 

Non-verbal 
Standardised 
IQ Score 

F Right 34 62 70 17 54 

F Right 37 46 58 14 42 

F Right  36 40 48 16 50 

F Left 35 62 70 24 75 

F Left 33 74 81 18 57 

F Unknown 35 46 58 19 60 

F Left 35 37 41 15 46 

M Right 36 44 56 18 57 

M Right 35 32 40 13 40 

Mean (SD) 35.11 
(1.17) 

49.22 
(13.78) 

58 (13.85) 17.11 
(3.26) 

53.44 (10.68) 

 
Standardised IQ scores have a floor of 40 
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All participants successfully completed screening tasks for all four fNIRS EF 

tasks. Table 16 shows the completion rates for each of the fNIRS tasks.  

Table 16: Task Completion Rates 
 

Task Participants 
attempted 
(%) 

Participants 
Completed 
(%) 

Comments 

Go/No-Go 9 (100) 8 (88.88) 1 participant too tired to 
complete (had completed 
almost 80% of trials) 

Stroop  
(paper 
version) 

9 (100) 9 (100)  

Stroop  
(computer 
version) 

9 (100) 9 (100) 2 participants had a whole block 
(6 trials) each where they did 
not speak (NB not the first 
block). Both completed all other 
blocks. 

Verbal 
Fluency Task 

8 (88.88) 4 (44.44) 1 refused  
3 didn’t respond in time for first 
block 
1 stopped due to technical fault 

Dimensional 
Change Card 
Sort 

9 (100) 9 (100)  

 
 
9.2.2 Cap and Array Fitting 
 

Table 17 shows the mean group head measurements for fNIRS cap fittings.  

All nine participants agreed to Polhemus measurements after their testing 
session. Two of these asked to remove the cap before measurements were 

complete, leaving seven data sets to explore array placement variation. 
Figure 60 shows the optode placement for each participant. 

 
 

Table 17: Group head measurements for fNIRS cap fitting (in centimetres) 
 

 Head 
Circumference 

Distance 
between pre-
auricular points 

Distance 
between nasion 
and inion 

Mean 53.06 33.17 33.27 

SD 2.10 1.71 1.03 
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Figure 60: Individual optode placement (N=7) 

Figure 61: Mean geometric error (mm) of placement for each optode (N=7) 
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9.3  Go / No-Go Task: Behavioural Results 
 
All nine participants attempted, and eight participants completed, the GNG 

task (Table 16). Table 18 shows group average behavioural responses for 
the eight participants to complete this task. Performance, in terms of both 

accuracy and response time, were very high for this pilot group: six out of the 

eight participants scored 100% accuracy for no-go trials. These results 
suggest that this task is suitable for an adult DS population. fNIRS 

measurements were therefore examined to explore cortical activation in this 
group.  

 
 

Table 18: DS pilot go / no-go responses 
 

Commission Errors  
(Max. 18) 

Correctly hit go trials  
(Max. 54)  

Mean RT for Go (s) 

Median (IQR; Range) = 
0.00 (1.50; 0.00-6.00) 

Median (IQR; Range) = 
54.00 (2.00; 52.00-54.00) 

Mean (SD) =  
0.91 (0.25) 

 
 

Across the group, participants responded more quickly to go trials in go-only 
blocks (mean RT = 0.88s) compared to blocks that included both go and no-

go trials (mean RT = 0.98s): t(7) = -2.508, p = .041.   
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9.4 Go / No-Go Task: fNIRS Results 
 

Figure 62 shows the proportion of the eight DS participants to successfully 

complete the GNG task who had data that passed the quality checks at each 
channel. Two had 40% or more of the array rejected, and were removed from 

group analyses. The median number of channels with good quality data for 
these six participants was 38.5 (range 33-44).  

 
  

Figure 62: Proportion of participants with good quality data at each channel 
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9.4.1 Motion correction and HRF calculation 
 
Motion correction and HRF calculation approaches were as used for the 
typically developing adults for the GNG task (see section 8.4.1), except for 
the threshold used to detect motion artefacts. For the DS pilot data, a change 
in OD > 0.3 units in 0.5 seconds offered the best compromise for identifying 
motion artefacts in both the noisier, and least noisy data sets in this group. 
 
The mean latency to the peak amplitude in the HRF for HbO2 during go trials 
was 6.17 seconds post-stimulus onset (SD = 1.25) across all channels for 
the 6 final participants. This falls within the time window selected for analysis 
in the typically developing pilot studies (3 – 8s post-stimulus onset) thus the 
same time window was used for all further GNG analyses. Figure 65 and 
Figure 66 show the mean concentration changes across this time window for 
go and no-go trials respectively.  
 
 

9.4.2 Functional activation during each condition 
 
Figure 67 presents the channels that showed a significant difference in peak 
HRF value within the 3-8s time window compared to baseline (uncorrected 
single sample t-tests, p< .05) and Table 19 provides full t-test results for each 
of these channels. Digitised optode positions were available for five people 
in the final group, with cortical projections from each used to define the 
approximate locations of each channel.   
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For each plot, the x-axis is scaled from -2 to 10 seconds post-stimulus onset and the y-axis is scaled from -05 to 0.5 µmolar 
 

 

Figure 63: Group HRFs during go trials 
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For each plot, the x-axis is scaled from -2 to 10 seconds post-stimulus onset and the y-axis is scaled from -05 to 0.5 µmolar 
 

 

Figure 64: Group HRFs during no-go trials 
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Figure 65: Mean molar concentrations changes during go trials for HbO2 (top) an HbR (bottom)  
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Figure 66: Mean molar concentration changes during no-go trials for HbO2 (top) and HbR (bottom) 
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Figure 67: Channels showing significant changes from baseline during the go / no-go task 
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Table 19: GNG task channel-wise t-tests 
  

  Channel  Mean 
HRF 
Peak 
(µM) 

t  df  p Approximate cortical location 

G
o 

tri
al

s 

Hb
O

2 33 -0.18 -4.60 4 .010 L. middle frontal (40%) 
L. precentral (40%) 
L. inferior frontal operculum (20%) 

Hb
R 

10 -0.20 -3.05 5 .028 R. inferior frontal triangular (60%) 
R. inferior frontal operculum (40%) 

24 -0.28 -2.77 5 .039 R. middle frontal (60%) 
R. inferior orbitofrontal (20%) 
R. middle orbitofrontal (20%) 

34 0.08 3.31 3 .045 L. precentral (80%) 
L. postcentral (20%) 

35 0.11 6.54 3 .007 L. precentral (80%) 
L. middle frontal (20%) 

No
-g

o 
tri

al
s  

Hb
O

2 

7 -0.57 -3.50 5 .017 L. inferior orbitofrontal (80%) 
L. middle orbitofrontal (20%) 

32 0.08 8.55 2 .013 L. middle frontal (60%) 
L. superior frontal (20%) 
L. precentral (20%) 

43 0.37 3.94 4 .017 L. middle frontal (60%) 
L. inferior frontal triangular (20%) 
L. superior frontal (20%) 

Hb
R 

5 -0.39 -
10.46 

4 <.001 L. insula (40%) 
L. inferior frontal triangular (40%) 
L. rolandic operculum (20%) 

6 -0.31 -3.18 4 .033 L. superior temporal (60%) 
L. middle temporal (20%) 
L. rolandic operculum (20%) 

7 -0.23 -4.16 5 .008 L. inferior orbitofrontal (80%) 
L. middle orbitofrontal (20%) 

8 -0.23 -2.79 5 .038 L.  inferior frontal triangular (40%) 
L. inferior orbitofrontal (20%) 
L. insula (20%) 
L. middle frontal (20%) 

10 -0.16 -3.78 5 .013 R. inferior frontal triangular (60%) 
R. inferior frontal operculum (40%) 

20 -0.27 -7.00 4 .002 L middle frontal (60%) 
L. inferior orbitofrontal (20%) 
L. inferior frontal triangular (20%) 

24 -0.37 -3.37 5 .020 R. middle frontal (60%) 
R. inferior orbitofrontal (20%) 
R. middle orbitofrontal (20%) 

35 0.16 6.83 3 .006 L. precentral (80%) 
L. middle frontal (20%) 



9 Study 3: Adults with Down syndrome 

 
 263 

 

 

 

 

  

-2 0 2 4 6 8 10
Time (s)

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

Co
nc

en
tra

tio
n 

(M
icr

om
ol

ar
)

Group HRF for active channels during go trials: left

HbO Ch 33
HbR Ch 33
HbO Ch 34
HbR Ch 34
HbO Ch 35
HbR Ch 35

-2 0 2 4 6 8 10
Time (s)

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

Co
nc

en
tra

tio
n 

(M
icr

om
ol

ar
)

Group HRF for active channels during no-go trials: left

HbO Ch 5
HbR Ch 5
HbO Ch 6
HbR Ch 6
HbO Ch 7
HbR Ch 7
HbO Ch 8
HbR Ch 8
HbO Ch 35
HbR Ch 35
HbO Ch 43
HbR Ch 43

-2 0 2 4 6 8 10
Time (s)

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

Co
nc

en
tra

tio
n 

(M
icr

om
ol

ar
)

Group HRF for active channels during no-go trials: right

HbO Ch 10
HbR Ch 10
HbO Ch 24
HbR Ch 24

-2 0 2 4 6 8 10
Time (s)

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

Co
nc

en
tra

tio
n 

(M
icr

om
ol

ar
)

Group HRF for active channels during go trials: right

HbO Ch 10
HbR Ch 10
HbO Ch 24
HbR Ch 24

Figure 68: Full time course of the group HRF for active channels during the GNG task 
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In the DS pilot study, HbR concentration appeared more sensitive to task-
induced changes during response inhibition than HbO2, with bilateral frontal 
areas showing reduced HbR concentration during no-go trials.  Activation 
appears to be located around inferior and middle frontal cortical areas during 
no-go trials, which fits with prior findings (Mehnert et al., 2013; Simmonds et 
al., 2008), although the non-DS pilot results showed activation in more 
superior frontal areas than seen here.   
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9.5 Verbal Fluency Task: Behavioural Results 
 

All participants were able to recite the days of the week in the practice round. 

8 participants attempted the VFT, 1 refused. The fNIRS laptop crashed 
during one participant’s testing session. This participant did not want to 

repeat the task, thus data from 7 participants are presented here. Table 20 
shows the mean number of words produced across all three blocks for each 

condition, and Table 21 for VFT categories and blocks separately.   
 

 

Table 20: DS pilot study verbal fluency task behavioural results 
 

Condition  Verbal Fluency Days of the week ‘House’ 

Group Mean  5.00 16.05 9.05 

SD 2.03 6.55 1.34 

 

 

Table 21: Verbal fluency scores by category and block 
 

VFT Category Animals Clothes Food 

Group Mean  5.14 2.86 7.00 

SD 3.44 2.85 2.31 

VFT Block 

number 

1 2 3 

Group Mean  2.00 6.00 7.00 

SD 2.24 2.94 2.31 
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Across these seven participants, repeated-measures ANOVAs revealed 
statistically significant effects of category: F(2) = 4.654, p = .032 and block 
order: F(2) = 14.700, p = .001, and a significant interaction between category 
and block order: F(2) = 5.534, p = .024.   Paired-samples t-tests showed that 
these effects were driven by lower scores in the ‘clothes’ than the ‘food’ 
category t(6) = -3.922 p = .008 (all other category comparisons p >0.1) and 
the first block in comparison to the second t(6) = -3.347, p = .015 and third 
block t(6) = 5.123, p = .002.  
 
Looking at the raw responses, three of the seven participants failed to 
respond at all during their first VFT block. For all three, ‘clothes’ had been 
presented as their first category and each was able to continue and 
successfully complete all other blocks of the task. These results suggest that 
participants may struggle with responding to the way the task is presented, 
rather than having difficulty with the task itself. Considering the results with 
these 3 participants removed, there were no significant differences in 
response based on category: F(2) = 1.162, p = .374, however block order: 
F(2) = 4.568, p = .062 showed a trend towards significance in this small 
group. 
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9.6 Verbal Fluency Task: fNIRS Results 
 
Figure 69 shows the proportion of the seven participants with good quality 
data at each channel. One participant (female, brown hair) lost 40% or more 
of the array after quality checks, leaving fNIRS data from six participants in 
the group analyses. For these six, the median number of channels remaining 
after quality checks was 35.5 (range 33-44).  
 
 
 
  

Figure 69: Proportion of participants with good quality data at each channel 
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For the VFT task, trials where participants failed to produce at least 3 words 
in the 15 second time frame were excluded. Only 2 participants produced 3 
or more words in all of their VFT blocks, however all 6 met this threshold for 
the two control conditions. The deconvolution function used to estimate the 
HRF requires at least 3 blocks of a condition to function well, meaning HRFs 
for the VFT condition were only produced for two individuals. Given the lack 
of data for the VFT, statistical analyses were not pursued. However, visual 
plots for group-level responses for these two participants for each condition 
were inspected for evidence of activation (see Figure 70, Figure 71 and 
Figure 72). Motion correction and HRF calculation were identical to those 
used in the typically developing adult pilots.  
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Figure 70: Group HRFs during the verbal fluency condition 
 
 

For each plot, vertical lines mark the start and end of the response period (i.e. t=0 and 15 seconds) and the y-axis is scaled from -1 to 1 µmolar 
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For each plot, vertical lines mark the start and end of the response period (i.e. t=0 and 15 seconds) and the y-axis is scaled from -1 to 1 µmolar 

 

 

 

Figure 71: Group HRFs during the days of the week condition 
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For each plot, vertical lines mark the start and end of the response period (i.e. t=0 and 15 seconds) and the y-axis is scaled from -1 to 1 µmolar 

Figure 72: Group HRFs during the house repetition condition 
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Visual inspection of the HRFs from the two individuals included here suggest 
the possibility of activation in bilateral inferior frontal regions (e.g. channels 

1,2 and 9 in the left and 5 and 18 in the right hemisphere) during verbal 
fluency trials, yet with such a small group such responses are very unclear.    
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9.7 Dimensional Change Card Sort 
 
All 9 participants successfully performed practice trials to sort by shape and 
colour and completed all blocks of the DCCS with fNIRS recordings. Table 
22 shows the behavioural results for each participant during the full task. 

Table 22: DCCS Behavioural Results for DS Participants 
 
 First Sorting 

Dimension 
Total 
pre-
switch 
correct 

Total 
pre-
switch 
errors 

Total 
post-
switch 
correct 

Total 
post-
switch 
errors 

Total 
control 
correct 

Total 
control 
errors 

Ppt 1 Shape 25 3 32 1 36 0 
Ppt 2 Shape 26 0 18 5 33 0 
Ppt 3 Shape 10 13 26 1 30 0 
Ppt 4 Colour 24 1 34 0 31 0 
Ppt 5 Colour 24 3 26 0 32 0 
Ppt 6 Colour 13 5 17 5 25 0 
Ppt 7 Colour 17 7 21 3 23 2 
Ppt 8 Colour 25 0 20 8 36 0 
Ppt 9 Shape 1 16 26 0 28 0 
 Mean 18.33 5.33 24.44 2.56 30.44 0.22 
 SD 8.75 5.72 5.96 2.88 4.50 0.67 
 
 
Repeated-measures ANOVAs revealed statistically significant differences 
across conditions in the number of errors made: F(2) = 79.571, p < .001, with 
significantly less errors made during the control condition than the pre-switch 
(t)8 = -8.497, p < .001 and the post-switch t(8) = -16.614, p < .001 conditions. 
Differences in the number of cards correctly sorted in each condition were 
not significantly different, however when looking at each block individually, 
only 1 out of the 9 participants successfully sorted more cards correctly than 
incorrectly at every stage. All other participants had at least one block where 
the data would have not been suitable for fNIRS analysis: on two occasions 
accuracy was no better than chance, on two occasions participants 
perseverated (i.e. they continued sorting cards by the pre-switch 
characteristic, failing to adopt the new sorting rule in the post-switch phase) 
and on eight occasions, participants made more errors than correct sorts in 
the pre-switch phase, due to sorting by the incorrect characteristic. In all eight 
occasions, the participant continued sorting by the same characteristic in the 
post-switch phase, thus appearing to have ‘passed’ the switching phase.    
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The individuals who attended the fNIRS pilot sessions were a relatively high 

functioning group of adults with DS. In the LonDownS cohort, the mean raw 
verbal and non-verbal ability scores for younger adults (aged < 36 years) 

were 35.03 ± 16.07 and 14.98 ± 6.90 respectively (Startin et al., 2016). The 
current group’s mean scores for these same sub-tests were 49.22 ± 13.78 

and 17.11 ± 3.26. Given that this group showed some difficulty in completing 
this task, it was considered unsuitable for our wider study population and no 

further analyses were pursued.  
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9.8 Picture Stroop Task: Behavioural Results  
 

All 9 participants attempted and passed the timed paper version of the picture 

Stroop task and the subsequent computerised version with fNIRS 
measurements. Table 23 shows the group average accuracy and response 

times for each condition and version. 
 

 

Table 23: DS Picture Stroop Behavioural Results 
 

Stroop - 
paper version 

Congruent trials number 
correct (max = 16) 

Median (IQR; Range) =  
16.00 (0.00; 15:00-16:00) 

Congruent trials total time (s) Mean (SD) = 12.36(2.55) 

Stroop - 
fNIRS 

Incongruent trials number 
correct (max = 16) 

Median (IQR; Range) =  
15.00 (3.00; 12:00-16:00) 

Incongruent trials total time (s) Mean (SD) = 19.95 (8.03) 
Congruent trials number 
correct (max = 24) 

Median (IQR; Range) =  
24.00 (3.00; 17:00-24:00) 

Incongruent trials number 
correct (max = 24) 

Median (IQR; Range) =  
24.00 (6.00; 14:00-24:00) 

 
 
 
Expected differences were seen in accuracy and response times during the 

practice paper version, with better and faster performance for congruent than 
incongruent trials: accuracy (Wilcoxon signed ranks test) Z = -2.226, p = 

.026; reaction time: t (8) = -3.456, p = .009.  Accuracy during congruent and 
incongruent trials in the fNIRS paradigm were not significantly different from 

each other in this group Z=-1.473, p = .141. 
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9.9 Picture Stroop Task: fNIRS Results 
 

 

Figure 73 shows the proportion of all nine participants for each channel that 
passed data quality checks. Two of the nine had more than 40% of channels 

rejected, leaving seven adults who contributed data for group analyses. The 
remaining participants had a median of 37 channels (range 30-43) with 

sufficient quality data for analysis.  
 

 
 

 
 

 

 

Figure 73: Proportion of participants surviving data quality checks for each channel for the 
Stroop task 
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9.9.1 Motion correction and HRF calculation  
 
The same motion correction and HRF estimation approaches were followed 
here as in the typically developing adult pilot work (see section 8.10.1), 
however the threshold for changes in OD data for identifying motion artefacts 
was set at 0.4 units in 0.5 seconds in this group.  
 

9.9.2 Functional activation during each condition 
 
Figure 74 and Figure 75 show the group level HRFs during the congruent 
and incongruent trials respectively. The mean latency (across all participants 
and channels) to the initial peak amplitude for HbO2 responses during 
incongruent trials was 14.29 seconds post-block onset, with a standard 
deviation of 3.52s. These results were very similar to the non-DS adult group, 
thus the time window from 10-20 post-block onset was kept for all Stroop 
task analyses that used the maximum amplitude of the response. Figure 76 
and Figure 77 show the mean concentration changes for HbO2 and HbR 
during congruent and incongruent conditions respectively.  

 
Figure 78 displays the channels that show a significant difference in 
concentration from baseline at the p < .05 level (uncorrected) for HbO2 and 
HbR during each condition of the Stroop task and Table 24 provides the 
results of these t-tests with approximate cortical locations. Figure 79 shows 
the full time course of channels 1,2, 3 (p < .05) and 8 (trend p = .07) which 
showed increases in HbO2 during incongruent trials. 
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The vertical line is positioned at time=0 (i.e. the start of the block) and extends from -0.5 to 0.5 µMolar. 

 

 

Figure 74: Group HRFs during congruent trials 
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The vertical line is positioned at time=0 (i.e. the start of the block) and extends from -0.5 to 0.5 µMolar. 

Figure 75: Group HRFs during incongruent trials 
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Figure 76: Mean molar concentration changes during congruent trials for HbO2 (top) and HbR (bottom) 
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Figure 77: Mean molar concentration changes during incongruent trials for HbO2 (top) and HbR (bottom) 
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Figure 78: Channels showing significant differences in chromophore concentration from baseline during the Stroop task
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Table 24: Stroop task channel-wise t-tests 
 

  Channel  Mean 
HRF 
Peak 
(µM) 

t  df  p Approximate cortical 
location 

In
co

ng
ru

en
t t

ria
ls

 

Hb
O

2 

1 0.57 2.60 6 .041 R. rolandic operculum (50%) 
R. Heschl’s gyrus (16.7%) 
R. superior temporal pole 
(16.7%) 
R. superior temporal (16.7%) 

2 0.85 2.67 6 .037 R. inferior frontal operculum 
(33.3%) 
R. inferior frontal triangular 
(33.3%) 
R. superior temporal pole 
(33.3%) 

3 0.50 2.65 6 .038 R. inferior frontal triangular 
(50%) 
R. inferior orbitofrontal (50%) 

19 -0.34 -2.62 5 .047 L. middle frontal (66.7%) 
L. superior frontal (16.7%) 
L. inferior frontal triangular 
(16.7%) 

Hb
R 26 -0.12 -3.25  6 .017 R. superior frontal (50%) 

R. middle frontal (50%) 

 
 
 
 
 
 

 

Figure 79: Time course of selected channels showing activation during incongruent trials 
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9.9.3 Stroop Task Review 
 
Results for the Stroop task in the DS pilot group show smaller, but 
comparable responses to the typically developing adult pilot study in the right 
hemisphere, with channels 1,2 and 3 (≈right inferior frontal cortex) showing 
an increase in HbO2 concentration during incongruent trials. In addition, there 
was a trend in channel 18 (≈left precentral cortex) towards an increase in 
HbO2 during incongruent trials (p = .07).  In the non-DS adult pilot studies, 
channel 16 in the left inferior frontal cortex showed the largest response 
during incongruent trials. Figure 80 shows each DS participant’s HRF for 
incongruent trials in this channel for the first 25 seconds post-block onset. 
Large variability can be seen in the DS group’s responses, with four 
participants showing some increase in HbO2 during this time frame, two 
showing a decrease and one showing an initial decrease, followed by a small 
increase during the time window of the analyses (10-20s post-block onset), 
before then decreasing again. These results suggest that activation may be 
present in this area for some, but not all participants.  
 
In this group, none of the channels showed a difference in chromophore 
concentration from baseline during congruent trials that reached significance 
(p < .05; uncorrected).  
 
Behaviourally, the DS pilot group performed well in the Stroop task, with 
group level fNIRS responses suggesting that this task is capable of eliciting 
bilateral inferior frontal responses, however variability in this group is large, 
and the robustness of responses requires further exploration in a larger 
sample. This task was therefore included in the final battery in its current 
format, for further exploration in a larger group of adults with DS.  
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Figure 80: Individual HRFs for channel 16 during incongruent trials  
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9.10 Spatial Span Task 
 
Seven participants attempted the spatial span task and two refused. Of the 
seven that attempted the task, two tried the forward version only: one did not 
pass the first stage of the forward version so the reverse was not attempted 
and the programme crashed for the other. 
 
Data are presented from the five participants to complete the task in Table 
25. Participants will have completed a different number of trials based on 
how far they proceeded with the task. Errors are therefore presented as a 
percentage of all trials.  
 
The forward spatial span, reverse latency and % errors for the reverse 
condition were not normally distributed. Wilcoxon signed ranks tests found 
no group level differences in performance between the forward and reverse 
spans for length of span (Z = -.577, p = .564), latency (Z = -.405,  p = .686) 
or percentage of errors (Z = -.674, p = .500).  
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Table 25: Spatial span results 
 

Spatial 
span 
forwards 
(max = 9)  

Mean 
latency 
forwards 
(ms) 

% Errors 
forwards 
 

Spatial 
span 
reverse 
(max = 9) 

Mean 
latency 
reverse 
(ms) 

% Errors 
reverse 
 

3.00 5041.44 28.57 4.00 3803.64 37.50 

3.00 3610.00 33.33 3.00 5055.00 38.10 

5.00 4362.11 41.67 4.00 3739.31 39.29 

3.00 4442.29 47.62 3.00 4131.00 29.17 

4.00 3434.77 21.43 5.00 3730.64 40.00 

Mdn (IQR) 
= 3.00 
(1.50)  

Mean = 
4178.12  
SD = 
656.56 

Mean = 
34.52  
SD = 3.83 

Mean = 
3.80  
SD = 0.84 

Mdn (IQR) 
= 3803.64 
(858.03) 

Mdn (IQR)  
= 38.10 
(6.31) 
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9.11 Discussion 
 
Pilot studies with nine adults with DS show the fNIRS equipment was very 
well tolerated in this group. All participants successfully passed screening 
tasks for all four EF tasks, and were happy to attempt fNIRS versions.  
 
7/9 participants agreed to digitised recordings of the optode locations after 
fNIRS measurements were complete. Two asked for the cap to be removed 
before the end of the recording, suggesting that the time spent wearing the 
equipment may need adapting for some individuals. 

 
9.11.1 Go / no-go 
 
8/9 participants completed the GNG task. The remaining participant started, 
but chose to stop part-way through due to tiredness. Of the 8 who reached 
the end, performance was very high, with the group hitting on average 98% 
of go-trials and successfully inhibiting nearly 95% of no-go trials. Mean 
response time was around half the speed of the non-DS group, however this 
was still less than one second, suggesting the two-second stimulus display 
time is acceptable and this task can work well for adults with DS.  
 
Six participants contributed fNIRS measurements for group analyses, with 
results suggesting the task is capable of eliciting different responses for go 
and no / go trials. Responses to no-go trials showed activation in bilateral 
inferior and middle frontal areas, which have similarly been reported in 
previous studies (Mehnert et al., 2013; Simmonds et al., 2008). This task will 
therefore be included in further studies with a larger group of adults with DS.   
 

9.11.2 VFT 
 
The computerised version of the VFT required participants to attend to the 
screen, listen to the instructions, and then commence the task when the 
screened changed colour. This allowed standardised timing between blocks 
and had worked well in non-DS pilot studies, however nearly half of the 
participants with DS did not respond in time for the first VFT trial. These 
participants were all capable of performing the VFT and completed all 
subsequent blocks, indicating this lack of response may be due to the 
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presentation of the task rather than difficulty performing the task itself. 

Results from the four participants who completed all blocks showed no 

statistically significant difference in number of words produced by category 
or block order, suggesting that none of the categories seem to be more 

difficult for this group than any other, and that for those who were engaged 
from the first block performance was equally good throughout the task.  

 
Considering these behavioural results, to allow more flexibility for slower 
responses in those with DS, this task was updated prior to subsequent 

studies so that the researcher provided verbal instructions for each condition 
in person. This method of task presentation matches the way VFT tasks 

would typically be administered in cognitive research and will be familiar to 
all future participants, as a standard category VFT is included in the 

LonDownS cognitive test battery. The Matlab script was adapted so that the 

researcher could manually send triggers to the fNIRS laptop when the 
participant was ready to start each trial. This allowed different working 

speeds of participants to be accommodated for, while keeping synchronised 
recordings between the task responses and the fNIRS recordings, and 

maintaining standardised timings for the length of each trial.  
 

To further ensure that participants had sufficient opportunity to understand 
the task, one additional category (‘colours’) was added to the paradigm. A 

practice VFT using this category was added as a screening task prior to fitting 
the fNIRS cap. This block was then presented as the start block for all 

participants, to serve as an extra practice round, with subsequent blocks 

presented in randomised order as in the original version. 

 
 

9.11.3 DCCS 
 
Performance in the DCCS was comparatively poor in this group. All but one 

participants had at least one block where the data would have not been 
suitable for fNIRS analysis, due to inaccuracy or perseveration. Verbal 

prompts were given to remind participants of the correct sorting dimension 
when an error was made, yet results suggest these prompts were insufficient 

to help participants respond accordingly. Given that all participants were able 
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to sort by both shape and colour in the practice phase, it is possible that 
these errors were related to difficulty following or disengaging from a rule. As 
participants attending the pilot study were higher-functioning than many 
other LonDownS participants, this task was considered to be unsuitable for 
use in a larger group with more varied ability. It was therefore removed from 
further study and fNIRS data were not analysed.  
 

9.11.4 Picture Stroop 
 
All 9 participants completed the screening task and all blocks of the fNIRS 
Stroop task, suggesting this task is suitable for our target population. The cat 
/ dog task produced expected differences in both speed and accuracy 
between the congruent and incongruent conditions, suggesting that using 
this pictorial format elicits a similar kind of interference as would be seen in 
the classic word-based Stroop task.  
 
Evidence of activation was small in this group, however several channels in 
the right inferior frontal cortex show significant increase in HbO2 

concentration during incongruent trials, and areas of the left inferior frontal 
cortex showed trends towards significance. These results suggest that this 
task warrants further examination in a larger group, thus it will be continued 
in the final study. 
 

9.11.5 Spatial span 
 
Seven participants attempted the spatial span task, with five providing both 
forward and reverse span data. One participant was unable to pass the first 
stage of the forward version (i.e. to remember a sequence of two steps), and 
so the reverse version was not attempted with this individual. Of the five who 
completed both versions of the task, more than half could not remember a 
sequence longer than three steps after three separate patterns were 
attempted at this level. This sample of adults with DS was purposefully 
chosen to fall within a narrow age range, and to be showing no sign of 
cognitive decline. These adults as a group have higher verbal and non-verbal 
abilities than the average reported in the LonDownS study (Startin et al., 
2016). None of these adults passed more than half of the possible stages in 
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this task, contrasting strongly with performance on visuospatial memory 

measures that target paired associate learning rather than working memory. 

In the LonDownS cognitive battery, 25% of older adults without dementia and 
more than 50% of younger adults with DS were able to pass all 8 stages of 

the CANTAB Paired Associate Learning (PAL) task (Startin et al., 2016). 
Given this low performance in a high functioning group, this task was not 

continued in the main study.   
 

9.11.6 Data quality 
 
Data loss appeared slightly better in the DS pilot group than in the first pilot 
study, with two participants (25% of sample) rejected from the GNG data set 

and two (22.22%) from the Stroop data set. However, again, all participants 

to have their data rejected were female.   
 

In summary, results from the DS pilot studies suggest that the GNG and 
Stroop tasks are each accessible to adults with DS, and capable of eliciting 

some frontal cortical activation in the array design that we have used. Both 
of these tasks will be considered in the main study.  

 
The DCCS and Spatial Span Tasks will not be continued in the next stage of 

this research, due to poor behavioural results. For the VFT, several 
participants failed to respond in time for the first trial, but performed well in 

subsequent trials. The presentation of this task will be adapted to allow the 

researcher to work directly with the participant, and adapt instruction timing 
to each individual’s needs. 

 

9.11.7 Time-window and regions of interest selection  
 
In addition to exploring responses to each task in a larger group of young 

adults with DS, the final study will include older adults with DS to examine 
ageing- and cognitive decline-related changes in behavioural and cortical 

responses. In order to pursue more targeted analyses in this larger study, 
the results obtained in these pilot studies will be used to determine time-

windows and cortical regions of interest for each task. Table 26 presents 

average latencies from the onset of the experimental condition to the initial 
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peak HbO2 concentration change for each task, in each pilot study. For the 
event-related GNG task, mean peak HbO2 concentration change appears 
similar for those with and without DS, falling around six seconds after the 
onset of each trial. Future analyses will use a time-window from 3-8s post-
stimulus onset, to capture early responses and ensure the response 
measured is related to the trials of interest.  Mean latencies for the Stroop 
task fell at 14-15s, and a time-window from 10-20s post-block onset will be 
used in the final study. For the VFT, insufficient data were obtained for the 
experimental condition from the DS pilot group. For this task, a time-window 
of 6-15 seconds will be adopted. This window should capture early changes 
within each block, and will focus on concentration changes that occur while 
the block is on-going (each trial lasts 15s).   

 

Table 26: Time-windows of interest for each task 
 Adults 

without DS 
  Adults with DS Time 

window 
selected  Mean SD   Mean SD 

GNG 5.8 1.9   6.17 1.25 3-8 
VFT 13.79 4.43   12.63* 3.99* 6-15 
Stroop 15.08 5.07   14.29 3.52 10-20 

*N=2 
 
 
 
Table 27 summarises potential regions of interest for each task, from prior 
studies, and as measured in each pilot study. Channels included here were 
those showing significant differences from baseline at their peak, and also 
presenting a classic HRF shape. Where HbO2 and HbR responses were 
significantly different from baseline, but following a similar pattern, or 
deviating substantially from what one would expect in terms of a classic HRF 
shape, these channels were not considered to be showing clear activation.  
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Table 27: Regions of interest for each task 
  Channels / areas of activation 
Task Hb Expected from 

literature 
Adults without DS Adults with DS 

GNG  
no-go trials  

HbO2  bilateral inferior 
and middle frontal 
¯ medial 
prefrontal 

C20: L. mid. frontal 
C31: L. mid 
orbitofrontal 
¯C1: R. insula 

C32: L. mid. frontal 
¯C7: L. inf./mid. 
frontal 

HbR ¯ bilateral inferior 
and middle frontal 

C17: L. inf. front. 
operculum 

¯C5: L. inf frontal / 
insula 
¯C6: L. sup. 
temporal 
¯C24: R. mid. frontal 
C35: L. precentral 

Verbal 
fluency 

HbO2  bilateral inf. 
Frontal (typically 
stronger in LH) 
 bilateral pre-
frontal 
bilateral fronto-
temporal   

C1: R. sup. temp. 
pole 
C2/C3: R. inf. 
frontal 
C8: L. inf. frontal 
?C6: L. rolandic 
operculum 

?C1: Heschl’s 
gyrus 
? C2: R. sup. temp. 
pole 
? C9: R. inf. frontal 
? C5: L. sup. 
temporal 
? C18: L. inf. frontal 

HbR ¯ bilateral inf. and 
mid. frontal 
(typically stronger 
in LH) 
 

Unclear: small  
(much smaller than 
for HbO2) in C1-3 in 
first 4-5s, followed by 
¯. 

? ¯ C1: Heschl’s 
gyrus 
? ¯C2: R. sup. temp. 
pole 
? ¯C9: R. inf. frotal 
? ¯C5: L. sup. 
temporal 
? ¯C18: L. inf. frontal 

Stroop 
incongruent 
trials 

HbO2  L. inf. frontal 
(word-based 
Stroop) 

C1: R. sup. temp. 
pole 
C2-4: R. inf. Frontal 
C8 / C16: L. inf. 
Frontal 

C1: R. sup. temp.  
C2-3: R. inf. frontal 
? C8/C16 L. inf. 
frontal 
 

HbR  ¯ C1: R. sup. temp. 
pole 
 

?¯ C1: R. sup. temp.  
?¯ C16: L. inf. frontal 

 increase in concentration from baseline 
¯ decrease in concentration from baseline 
 
 
  



9 Study 3: Adults with Down syndrome pilot 

  294 

For the GNG task, activation could be expected in middle and inferior frontal 
areas. In the two pilot studies, while results from the studies were not the 
same, each did show concentration changes in channels that lay over middle 
frontal regions. An ROI in the left hemisphere was defined around channels 
20, 31 and 32, including adjacent channels that from Polhemus 
measurements in the DS group are expected to fall across middle frontal 
regions. A comparable ROI was defined in the right hemisphere. One further 
control ROI was defined in the right superior temporal / inferior frontal 
boundary (Figure 81). 
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For the verbal fluency task, expected areas of activation include bilateral 
inferior frontal and superior temporal regions, typically seen more strongly in 
the left hemisphere. While data were limited from the DS groups, both pilot 
studies gave suggestion of activation happening in these expected areas. 
ROIs were defined to cover bilateral inferior frontal/superior temporal 
regions, plus one further area in more superior areas where activation was 
not expected (Figure 82). 
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The left inferior frontal gyrus is a key region of interest in classic word-based 
Stroop tasks. In the pilot studies, bilateral inferior frontal regions showed 
evidence of activation during this pictorial version of the task. ROIs were 
defined covering these inferior frontal areas in each hemisphere, with an 
additional control area defined in more superior regions (Figure 83).  
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10.1 Introduction 
 
Two previous pilot studies explored the feasibility of using fNIRS to measure 

frontal cortical activation during four different tasks of executive functioning 

(EF) in adults with Down syndrome (DS). Results from these preliminary 
studies indicated that the fNIRS equipment was well tolerated by a small 

group of individuals with DS.  
 

Two of the four initial tasks (the go/no-go task (GNG: section 6.3) and the 
picture-based Stroop task (section 6.6)) were completed with high levels of 

accuracy by adults with DS, suggesting that these tasks were suitable for 
use with this population without further modification. Performance in the 

semantic verbal fluency task (VFT; section 6.4) was good for adults with DS 

in the later blocks of the task, however around half of the group failed to 
respond in time for the very first VFT trial. The presentation of this task was 

therefore modified prior to use in the final study (see measures below).  
Performance in the Dimensional Change Card Sort task (DCCS) was poor 

for the adults with DS, thus this task was not pursued further.  
 

fNIRS results from the pilot studies suggested that each of the three final 
tasks was capable of eliciting responses in the areas of the cortex sampled 

by the array used (Figure 17). The robustness of responses for each task is 

assessed in a larger group of adults with DS in this final study.  Differences 

in task performance in relation to age and cognitive decline status will be 

explored, and where consistent patterns of activation are identified, 
relationships with age, task performance and general verbal and non-verbal 

abilities will be examined.  
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10.2 Methods  
 

General methods are provided in Chapter 7.  

 

10.2.1 Measures  
 
In this final study, participants were administered three tasks of EF: a go / 

no-go (GNG) task, a verbal fluency task (VFT),  and a picture-based Stroop 
task, while simultaneously recording fNIRS measurements from the frontal 

cortex. Each task had a screening or practice version that was administered 
prior to data collection with the fNIRS equipment. Task administration was 

as stated in the pilot studies, with the following exceptions: the VFT was re-
programmed to allow face-to-face administration and variable rest times 

before each new trial. The length of each active trial was kept at 15 seconds.  

 
The Kaufman Brief Intelligence Test (KBIT-2) (Kaufman & Kaufman, 2004) 

was included as a measure of general verbal and non-verbal abilities for all 
participants. For older adults only, a carer who knew the participant well 

completed the CAMDEX-DS interview schedule (Holland & Huppert, 2006). 
Further details for all behavioural tasks are given in Chapter 6 and section 

7.5 of the general methods chapter. Further details concerning fNIRS 
recordings are given in section 7.6.   

 
A short break was given between the fNIRS testing and KBIT-2 

administration for all participants, and further breaks were given whenever 

needed. The full study session lasted between 90 and 150 minutes, with no 
more than 30 minutes spent wearing the fNIRS imaging equipment. The 

order of the screening measures and fNIRS tasks were counter-balanced, 
based on participant number. Table 28 shows the assessment schedules. 

 
 

  



10 Study 4: Ageing and cognitive decline in Down syndrome 

 
 301 

 

Table 28: Assessment schedules 
 

 
Older adults are aged >36 years. Younger adults aged 18-30.   

Order Older adults: 
odd numbers 

Older adults: 
even numbers 

Younger 
adults: odd 
numbers 

Younger 
adults: even 
numbers 

1 Stroop 
practice 

Days of week 
practice 

Days of week 
practice 

Verbal fluency 
practice 

2 Verbal fluency 
practice 

Stroop practice Stroop practice Stroop practice 

3 Days of week 
practice 

Verbal fluency 
practice 

Verbal fluency 
practice 

Days of week 
practice 

4 Head 
measurements  

Head 
measurements  

Head 
measurements  

Head 
measurements  

5 Fit fNIRS cap Fit fNIRS cap Fit fNIRS cap Fit fNIRS cap 
6 Photos Photos Photos Photos 
7 Verbal 

Fluency 
Stroop Go/No-Go Stroop 

8 Go/No-Go Go/No-Go Verbal Fluency Go/No-Go 
9 Stroop Verbal Fluency Stroop Verbal Fluency 
10 Polhemus 

Measurements 
Polhemus 
Measurements 

Polhemus 
Measurements 

Polhemus 
Measurements 

11 Break Break Break Break 
12 KBIT-2 KBIT-2 KBIT-2 KBIT-2 
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10.3 Results 
 

10.3.1 Participants 
 
91 adults with DS were invited to take part in the study and 46 attended a 
study session: 25 older adults and 21 younger. Of the 45 non-attendees, 
three were deceased, 26 refused and 16 were interested but unable to 
participate within our time frame. The most frequent reason given for refusal 
was difficulty with travelling into central London.  
 
Three older adults were unable to engage with any of our tasks, and were 
therefore excluded from the study. Descriptive statistics for these three 
adults suggest they were older, and lower functioning than the older adults 
who completed at least one task (Table 29).   
 
Table 30 presents participant ages, handedness and general ability scores 
for the final sample and Table 31 shows the mean head measurements. The 
distance between the pre-auricular points was not recorded for one 
individual, and was imputed with the group median for analyses.  
 
Younger and older adults in this sample did not show statistically significant 
differences in raw verbal: t(41) = .557, p = .581; or non-verbal: U=176.50, p 
= .180 ability scores. Head circumference: t(41) = -.346, p = .731, distance 
between the pre-auricular points: t(40) = .728, p = .471 and nasion-inion 
distance: U= 223.00, p = .844 did not differ significantly between the groups.  
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Table 29: Group comparisons for older adult completers with non-completers 
 

 
 

Mean (SD) for 
Completers (n=22) 

Mean (SD) for Non-
Completers (N=3) 

Age (years) 44.32 (6.24) 53.33 (3.79) 

Verbal ability raw score 43.82 (18.52) 10.67 (4.93) 

 Median (IQR; Range) for 
completers 

Median (Range) for 
non-completers 

Non-verbal ability raw 
score 

17.00 (2.75; 9.00-35.00) 9.00 (6.00-14.00) 

 

 

Table 30: Participant demographics 
 

 Whole group Younger Adults Older Adults 

N 43 (20 female) 21 (10 female) 22 (10 female) 

Mean (SD) age in 
years  

34.86 (11.09) 24.95 (4.01) 44.31 (6.24) 

Handedness 10 left, 33 right 7 left, 14 right 3 left, 19 right 

Mean (SD)  
Verbal ability raw 
score 

45.33 (18.01) 46.90 (17.78) 43.82 (18.52) 

Median (IQR; Range)  
Verbal ability 
standardised IQ 
scorea 

57.00 (27.00; 

40.00-91.00) 

63.00 (29.00; 

40.00-91.00) 

47.50 (27.00; 

40.00-88.00) 

Median (IQR; Range)  
Non-verbal ability 
raw score 

17.00 (4.00; 9.00-

35.00) 

18.00 (3.00; 

10.00-23.00) 

17.00 (2.75; 

9.00-35.00) 

Median (IQR; Range)  
Non-verbal ability 
standardised IQ 
scorea 

55.00 (9.00; 

40.00-96.00) 

57.00 (8.00; 

40.00-72.00) 

54.00 (14.25; 

40.00-96.00) 

a Standardized IQ scores have a floor of 40.   
  



10 Study 4: Ageing and cognitive decline in Down syndrome 

  304 

Table 31: Group head measurements for fNIRS cap fittings (in centimetres) 
 

 Whole Group 
N=43 

Younger Adults 
N = 21 

Older Adults 
N = 22 

Mean (SD) Head 
circumference 52.95 (1.97) 52.88 (2.38) 53.02 (1.53) 
Median (IQR; Range) 
Nasion-Inion 
Distance 

32.00 (2.75; 
28.50-34.50) 

32.00 (3.50; 
30.00-34.50) 

32.25 (2.25; 
28.50-34.00) 

Mean (SD) Pre-
auricular point 
distance 32.63 (1.37) 32.79 (1.62) 32.48 (1.06) 

 
 
 
10.3.2 fNIRS Optode Positioning 
 
11 younger and 12 older adults agreed to digitized recordings of the location 
of each optode at the end of their fNIRS testing session. The Polhemus 

equipment was unavailable for seven participant’s assessments and the 
remaining 13 participants refused the recording.  

 

Data from two older adults had recording errors due to two optodes being 
marked in the same place. For two younger adults, the array itself was 

recorded correctly, however the head surface appeared distorted in 
AtlasViewer. This was possibly caused by reference points being marked 

inaccurately. Data from all four were removed from group analyses. Figure 
84 shows the placement of each optode for each participant for the younger 

and older groups and Figure 85 shows each group’s mean geometric error 

for each optode location. 



 

 
 

305 

10 Study 4: Ageing and cognitive decline in Dow
n syndrom

e  

 

 

 

 

 

 

 

 

 

 

 

 
 

Black circles represent the original source-detector array locations and each colour represent an individual participant’s placements 
 

Figure 84: Individual optode placement for younger (top) and older (bottom) groups 
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Figure 85: Mean geometric error (mm) of optode placement for younger (top) and older (bottom) adults with DS 
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10.3.3 CAMDEX-DS Results 
 
Carers for 19 of the older adults completed the CAMDEX-DS-DS interview 

to explore evidence of cognitive or functional decline.  For two of the 

remaining participants, one carer completed half of the CAMDEX-DS-DS 
(showing evidence of substantial decline, but no dementia diagnosis) but 

could not find time to complete the rest within a three-month limit, and one 
carer did not complete the interview due to time constraints. This participant 

was 37 years old and the carer verbally reported that no change in abilities 
had been observed. The remaining participant had mosaic DS and lived fully 

independently. This participant was 38 years of age, and did not self-report 
any change in their abilities.   
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Table 32 provides an overview of each participant’s highest ever level of 

basic and independent living skills for the older adult group, as recorded in 
the CAMDEX-DS-DS.  
 
Decline status 

One participant had a diagnosis of dementia due to AD, and one was 
currently under investigation for dementia. Six further participants met criteria 
for concern, defined here as evidence of decline in two or more subscales of 
the CAMDEX-DS interview, at least one of which must have been present 
for at least six months.  An overview of the areas of the CAMDEX-DS 
showing deterioration in each of these participants is shown in Table 33. The 
highest level of deterioration reported in each subscale is shown. The 
remaining 14 older adults were not presenting with signs of cognitive or 
functional decline, or changes in behaviour or personality that could be 
attributed to early stage dementia at the time of the assessment.    
 
Older adults showing decline of any degree had lower scores than those 
without signs of decline in both KBIT-2 raw verbal (Decline group mean = 
29.63, SD = 8.28; No decline group mean = 51.93, SD = 17.95; t(20) = 3.294, 
p = .004) and KBIT-2 raw non-verbal subscales (Decline group median = 
15.50, IQR = 3.75; no decline group median = 17.50, IQR = 4.50; Mann-
Whitney U = 19.50, p = .010).  
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Table 32: Basic and independent living skills in the older adults 
 

Skill Level 

Number (%) 
of 
participants 

Has s/he ever been able to 
speak? 

No 0 
Yes, limited speech 3 (15) 
Yes, good speech 17 (85) 

Has s/he ever been able to 
understand spoken language? 

No 0 
Yes, good understanding 3 (15) 
Yes, limited understanding 17 (85) 

Has s/he ever been able to 
read? 

No 0 
Yes, a little (familiar words) 9 (45) 
Yes, good reader 11 (55) 

Has s/he ever been able to 
write? 

No 0 
Yes, name only or copies 5 (25) 
Yes, a little 7 (35) 
Yes, writes well 8 (40)  

Has s/he ever been able to add 
up? 

No 9 (45) 
Yes, a little 10 (50) 
Yes, good at sums 1 (5) 

Has s/he ever been able to 
choose what to wear and to 
dress her/himself? 

No 0 
Yes, with support 1 (5) 
Yes, independently 19 (95) 

Has s/he ever been able to 
prepare hot drinks or basic 
meals? 

No 0 
Yes, with support 0 
Yes, independently 20 (100) 

Has s/he ever been able to 
travel on public transport? 

No 1 (5) 
Yes, with support 6 30) 
Yes, independently 13 (65) 

Has s/he ever been able to do 
housework? 

No 0 
Yes, with support 2 (10) 
Yes, independently 18 (90) 

Has s/he ever been able to go 
shopping? 

No 0 
Yes, accompanied 1 (5) 
Yes, independently for small 
purchases only 16 (80)  
Yes, independently 3 (15) 

Has s/he ever been able to use 
the telephone? 

No 1 (5) 
Yes, answers only 5 (25) 
Yes, dials well-known 
numbers 3 (15) 
Yes, independently 11 (55) 
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Table 33: Areas of cognitive and functional decline  
 

Subscale 
A: 
Everyday 
skills 

B: Memory 
and 
orientation 

C1: Other 
cognitive 
skills 

C2a: 
Personality 
and 
behaviour  

C2b: Self-
care 

Participant 
1 No Yes – great 

deterioration 
Yes – slight 
deterioration 

Yes – great 
deterioration No 

Participant 
2 No Yes – slight 

deterioration No No Yes – slight 
deterioration 

Participant 
3 No No Yes – slight 

deterioration 
Yes – slight 
deterioration No 

Participant 
4 

Yes – great 
deterioration 

Yes – great 
deterioration 

Yes – great 
deterioration 

Yes – slight 
deterioration 

Unknown 
(missing 
data) 

Participant 
5 

Yes – slight 
deterioration 

Yes – slight 
deterioration 

Yes – slight 
deterioration 

Yes – slight 
deterioration No  

Participant 
6 

Yes – slight 
deterioration 

Yes – slight 
deterioration No No No 

 
Individuals without  dementia diagnosis who were showing decline in two or more subscales 
of the CAMDEX-DS, present for at least 6 months   
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10.3.4 Task completion rates  
 

Table 34 shows completion rates by age group for each task.   

 
Differences in age and general abilities between completers and non-

completers were considered across all participants for each task. For the 
GNG, there were no differences in age (mean (SD) for completers = 34.37 

(11.13) years and non-completers = 37.00 (11.41) years; t(41) = .600, p = 
.552), raw verbal ability (mean (SD) for completers = 45.31 (18.78) and non-

completers =  45.38 (15.28); t(41) = .008, p = .993) or non-verbal ability 
(median (IQR; Range) for completers = 18.00 (3.00; 9.00-35.00) and non-

completers (17.00 (4.00; 13.00-23.00); Mann Whitney U = 107.00, p = .317) 
between those who completed the full GNG and those who did not.   

 

For the VFT, only four participants did not complete the task. Completers 
(mean (SD) age = 34.13 (11.30) years) were trending towards being younger 

than non-completers (mean (SD) age = 42.00 (5.42) years): t(6.183) = 2.417, 
p = .051, equal variances not assumed. Verbal raw scores (mean (SD) for 

completers = 44.56 (17.47) and non-completers =  52.75 (12.22)) did not 
differ between the two groups: t(41) = .863, p = .393. Similarly, non-verbal 

raw scores showed no significant group difference: median (IQR; Range) for 
completers = 18.00 (4.00; 9.00-26.00) and non-completers = 17.00 (15.00; 

15.00-35.00); Mann-Whitney U = 73.500, p = .856.  
 

Individuals who did not complete the main Stroop task showed no difference 

in age, or general abilities from those who completed the task. Mean (SD) 
age for completers = 34.56 (10.49), non-completers = 37.75 (17.80), t(41) = 

.542, p = .591; mean (SD) verbal raw score for completers = 46.43 (17.75), 
non-completers = 34.50 (19.47), t(41) = -1.271, p = .211 and median (IQR; 

Range) non-verbal raw score for completers = 17.00 (4.00; 10.00-35.00), 
non-completers = 17.50 (8.50; 9.00-20.00), Mann-Whitney U = 67.500, p = 

.672.  
 

  



10 Study 4: Ageing and cognitive decline in Down syndrome 
 

  312 

 

Table 34: Task Completion Rates by Age Group 
 

  

Task Younger Adults Older Adults 
Go / no-go 18 (85.71%) 

1 (4.76%) unable to pass 
practice  
2 (9.52%) stopped before 
completion 

17 (77.27%)  
1 (4.55%)unable to pass 
practice  
1 (4.55%) refused 
3 (13.64%) stopped before 
completion 

Days of the week 
screening task 

20 (95.24%) 
1 unable 

20 (90.91%) 
2 (9.09%) unable 

Verbal fluency 
practice 

21 (100%) 21 (95.45%) 
1 (4.55%) refused 

Verbal fluency 
fNIRS 

21 (100%) 18 (81.82%) 
2 (9.09%) wanted to remove 
the cap 
2 (9.09%) refused 

Picture Stroop – 
practice 

21 (100%) 19 (86.36%) 
1 (4.55%) refused to practice 
(but did fNIRS task version) 
2 (9.09%) could not perform 
Stroop 

Picture Stroop - 
fNIRS 

19 (90.48%) 
2 refused (too tired) 

20 (91.00%) 
2 not attempted as failed 
screening task 
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10.3.5 Task Correlations 
 

Performance measures from each task were correlated with each other, and 

with age and raw scores from KBIT-2 verbal and non-verbal ability measures 
to explore relationships relevant to EF performance in adults with DS. 

Pearson’s r and p values are shown in Table 35.  

 

In this sample, age was not related to performance on any of the measures.  
 

Better verbal and non-verbal ability were each related to better performance 
in the verbal fluency and Stroop tasks, with both number of correct Stroop 

trials and the time taken to respond to all Stroop trials in the practice version 
showing significant positive relationships with general ability. Within the GNG 

task, faster reaction times were related to an increased number of correct go 

hits. GNG accuracy showed no relationship with performance in other 
measures, but reaction time in the GNG was positively correlated with 

reaction time in the Stroop task and faster reaction times in the GNG and 
Stroop tasks were linked with higher numbers of correct Stroop trials.  
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Table 35: Task correlations 
  Age Verbal Raw 

Score 
Matrices 
Raw Score 

GNG 
Commission 
Errors 

GNG 
Correct Go 

Go Mean 
Response 
Time 

Mean 
VFT 
score 

Stroop 
Correct 
Incongruent 
Trials 

Practice 
Stroop 
incongruent 
trials time 

Age Pearson’s r  1 -0.149 -0.210 0.201 -0.207 -0.058 -0.068 -0.233 -0.041 
Sig. (2-tailed)   0.341 0.176 0.262 0.248 0.747 0.681 0.154 0.800 
N 43 43 43 33 33 33 39 39 40 

Verbal Raw 
Score 

Pearson’s r  -0.149 1 .696** -0.275 0.202 -0.263 .638** .346* -.338* 
Sig. (2-tailed) 0.341   < 0.001 0.122 0.259 0.139 < 0.001 0.031 0.033 
N 43 43 43 33 33 33 39 39 40 

Matrices 
Raw Score 

Pearson’s r  -0.210 .696** 1 -0.303 0.227 -0.300 .594** .423** -.546** 
Sig. (2-tailed) 0.176 < 0.001   0.087 0.204 0.090 < 0.001 0.007 < 0.001 
N 43 43 43 33 33 33 39 39 40 

GNG 
Commission 
Errors 

Pearson’s r  0.201 -0.275 -0.303 1 -.403* 0.017 -0.237 -0.040 0.131 
Sig. (2-tailed) 0.262 0.122 0.087   0.020 0.926 0.192 0.833 0.483 
N 33 33 33 33 33 33 32 30 31 

GNG 
Correct Go 

Pearson’s r  -0.207 0.202 0.227 -.403* 1 -.591** 0.257 0.289 -0.194 
Sig. (2-tailed) 0.248 0.259 0.204 0.020   0.000 0.156 0.121 0.297 
N 33 33 33 33 33 33 32 30 31 

Go Mean 
Response 
Time 

Pearson’s r  -0.058 -0.263 -0.300 0.017 -.591** 1 -0.281 -.418* .476** 
Sig. (2-tailed) 0.747 0.139 0.090 0.926 0.000   0.119 0.022 0.007 
N 33 33 33 33 33 33 32 30 31 

Mean verbal 
fluency 
score 

Pearson’s r  -0.068 .638** .594** -0.237 0.257 -0.281 1 0.241 -.450** 
Sig. (2-tailed) 0.681 < 0.001 < 0.001 0.192 0.156 0.119   0.164 0.005 
N 39 39 39 32 32 32 39 35 37 

Stroop 
Correct 
Incongruent 
Trials 

Pearson’s r  -0.233 .346* .423** -0.040 0.289 -.418* 0.241 1 -.485** 
Sig. (2-tailed) 0.154 0.031 0.007 0.833 0.121 0.022 0.164   0.002 
N 39 39 39 30 30 30 35 39 38 

Practice 
Stroop 
incongruent 
trials time 

Pearson’s r  -0.041 -.338* -.546** 0.131 -0.194 .476** -.450** -.485** 1 
Sig. (2-tailed) 0.800 0.033 < 0.001 0.483 0.297 0.007 0.005 0.002   
N 40 40 40 31 31 31 37 38 40 

* Correlation is significant at the 0.05 level (2-tailed).** Correlation is significant at the 0.01 level (2-tailed).  
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Behavioural and fNIRS results are presented for each task individually.  

 
10.4 Go / No-Go Task Behavioural Results 
 

While participants in the pilot study performed this task very well, the first two 
adults seen in this study showed difficulty responding in time for go trials. To 

limit further data loss based on poor performance, the stimulus presentation 

time was increased from two to three seconds. This version of the task was 
then used for the remainder of the study, and all data presented here used 

this updated version. The final sample for behavioural analyses after the task 
was updated includes 33 adults, 15 of whom were older. The two age groups 

showed no statistically significant differences in performance of the GNG 
task according to all measures of the task (Table 36).  

 
In the older adult group, none of the participants had a diagnosis of dementia, 

but one was currently under investigation and four more were showing 
decline in at least two subscales of the CAMDEX-DS, present for at least 6 

months. Controlling for age, in this small group there were no statistically 

significant differences in commission errors: F(1,12) = .065, p = .803; go trial 
response time: F(1,12) = .666, p = .430 or correct go hits: F(1,12) = .016, p 

= .900 between those with and without signs of cognitive decline.  
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Table 36: Go / no-go task behavioural responses by group 
 

 Whole 
group 

Younger 
Adults 

Older 
Adults 

Mann-
Whitney 
U 

p 

Median (IQR; 
Range) 
commission 
errors  
(Max. 18) 

0.00 (1.50; 
0.00-5.00) 

0.00 (1.25; 
0.00-3.00) 

0.00 (2.00; 
0.00-5.00) 

125.00 .735 

Median (IQR) 
correct go hits 
(Max. 54) 

54.00 
(1.00; 
45.00-
54.00) 

54.00 (1.25; 
48.00-54.00) 

54.00 (1.00; 
45.00-
54.00) 

120.00 .605 

Median (IQR) 
response time 
for correct go 
trials (s) 

0.86 (0.54; 
.45-2.02) 

1.00 (0.58; 
.45-1.66) 

0.82 (0.35; 
.59-2.02) 

123.00 .682 

 
 
A repeated-measures ANOVA showed a statistically significant condition 
effect, such that participants responded more quickly to go trials in go-only 
blocks (mean RT = 0.93s) than blocks including both go and no-go trials 
(mean RT = 0.98s): F(1) = 10.740, p = .003. This difference did not show a 
significant interaction with age group: F(1) = 0.123, p = .728.   
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10.5 Go / No-Go Task: fNIRS Results  
 

33 participants had complete data sets for the GNG task. Figure 86 shows 

the proportion of all participants that had data surviving pruning at each 
channel. 8 participants had poor quality data in 40% of the array or more, 

leaving 25 participants for group analysis, with a median of 32 (range 29-44) 
good channels. 14 of these were younger, and 11 older. None of the older 

adults in the final group had a diagnosis of dementia, however one was 
currently under investigation and two further participants were showing some 

signs of decline on the CAMDEX-DS (participants 1 and 3 in Table 33).  
  

Figure 86: Proportion of all participants with good quality data at each channel for the GNG task 
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Across the whole sample, there were no statistically significant differences in 

age, task performance or general abilities between those whose data made 

the final group and those whose data were rejected (Table 37). A larger 
proportion of females than males had their data rejected: 7/8 (87.50%) of 

those rejected were female. Participants in the final sample were significantly 
therefore more likely to be male than female (Fisher’s Exact p = .012): 8/25 

(32.00%) participants in the final group were female.  
 

 

 

Table 37: fNIRS data group comparisons for the GNG 
  

 Rejected 
data sets 

Final group 
data 

Test statistic  p 

Median (IQR) 
commission 
errors 

0.00 (1.50) 0.00 (1.50) U = 83.00 .496 

Median (IQR) 
correct go hits 

54.00 (1.50) 54.00 (1.00) U = 91.00 .726 

Median (IQR) Go 
Response Time 
(s) 

0.98 (0.77) 0.86 (0.41) U = 97.00 .918 

Mean (SD) age 
(years) 

32.75 
(11.67) 

33.96 (11.10) t = -0.265 .793 

Mean (SD) verbal 
raw score 

47.75 
(19.90) 

45.28 (19.00) t = 0.317 .754 

Median (IQR) 
non-verbal raw 
score 

17.50 (8.75) 18.00 (2.50) U = 98.50 .951 
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Further inspection of each individual data set revealed possible interference 

in channel 27 for a subset of participants. For 11 participants, this channel 

was already removed by the automated ‘prune channel’ function. 5 of the 
remaining 14 participants showed a constant oscillating pattern similar to that 

seen in the first pilot studies (Figure 21), despite updates to the NTS system 

and software designed to correct this. For these individuals, this channel was 

manually removed for all tasks, as this oscillation distorted calculation of the 
HRF. An example of the HRF for no-go trials from one participant showing 

interference in channel 27 is shown in  Figure 87. 
 

0 1 2 3 4 5 6 7 8 9 10
Time (s)

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

Co
nc

en
tra

tio
n 

(M
icr

om
ol

ar
)

No-go HRF for example participant in channel 27

HbO ppt 3
HbR ppt 3

Figure 87: Example HRF for no-go trials in channel 27 from one participant 
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10.5.1 Motion correction and HRF calculation 
 
Motion correction and HRF estimation approaches were identical to those 
used in the DS pilot study. The timings for this task were updated from the 
pilot studies, to extend the period of time that each stimulus remained 
onscreen from 2 to 3 seconds. Mean reaction times for go trials were 0.91s 
(SD = 0.25) in the DS pilot study, 0.97s (SD = 0.37) in the current study for 
younger and 0.92 (SD = 0.36) for older participants. Given that all groups 
responded in less than one second to each go trial on average, the same 
timings for HRF calculation were used in the main study as in the DS pilot 
study. 
 
A time-window from 3-8 post-stimulus onset was selected following the pilot 
studies, and used for all analyses in this new data set. In this final study, 
across the whole group, the mean latency to the peak of the HRF for HbO2 

during no-go trials was 6.28 seconds (SD = 1.28), closely matching that seen 
in the DS pilots.  
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10.5.2 Functional activation during each condition: Younger adult 
group 

 
Figure 88 (go trials) and Figure 89 (no-go trials) show the group HRFs for 
the younger adult group, while Figure 90 (go) and Figure 91 (no-go) present 

the mean concentration changes over the 3-8 second time window, projected 
on to the group mean cortical locations. Seven out of the 14 participants in 

the final data set had digitized recordings of the position of each optode. 
 

Figure 92 presents the channels that show a significant difference (p < .05, 
uncorrected) in chromophore concentration from baseline to peak within the 

chosen time-window during the GNG task, and Table 38 shows the t-test 
results, with adjusted p-values following FDR correction, for these channels.  
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For each plot, the x-axis is scaled from -2 to 10 seconds post-stimulus onset and the y-axis is scaled from -0.4 to 0.4 µM 
 
 

 
 

Figure 88: Younger adults group HRFs during go trials 
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For each plot, the x-axis is scaled from -2 to 10 seconds post-stimulus onset and the y-axis is scaled from -0.4 to 0.4 µmolar 
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Figure 89: Younger adults group HRF during no-go trials 
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Figure 90: Mean molar concentration changes in young adults during go trials for HbO2 (top) and HbR (bottom) 
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Figure 91: Mean molar concentration changes in young adults during no-go trials for HbO2 (top) and HbR (bottom) 
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Figure 92: Younger adults channels showing a significant difference in chromophore concentration from baseline during the GNG task 
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Table 38: Younger adults T-test results for the GNG task 
 

  

  Channel  Mean 
HRF peak 
(µm) 

t  df  Uncorrected 
p 

Adjusted 
p 

Approximate 
cortical location  

G
o 

tri
al

s 
 

Hb
O

2 

2 -0.36 -2.37 12 .035 .228 R. inferior frontal 
triangular (14.30%) 
R. inferior frontal 
operculum (85.70%) 

9 -0.42 -2.73 5 .041 .228 R. rolandic 
operculum  (42.90%) 
R. inferior frontal 
triangular (28.60%) 
R. inferior frontal 
operculum (28.60%) 

28 0.22 3.12 12 .009 .129 R. superior frontal 
(42.9%) 
R. middle frontal 
(28.6%) 
Middle superior 
frontal (14.3%) 
Anterior cingulum 
(14.3%) 

33 0.19 4.87 10 <.001 .029 L. inferior frontal 
operculum (71.4%) 
L. inferior frontal 
triangular (14.3%) 
L. middle frontal 
(14.3%) 

34 0.33 3.09 4 .037 .228 L. precentral (71.4%) 
L. postcentral 
(14.3%) 
L. middle frontal 
(14.3%) 

35 0.30 3.71 3 .034 .228 L. precentral (71.4%) 
L. postcentral 
(14.3%) 
L. middle frontal 
(14.3%) 

37 0.26 3.65 13 .003 .064 R. inferior frontal 
operculum (42.9%) 
R. middle frontal 
(42.9%) 
R. inferior frontal 
triangular (14.3%) 

41 0.25 2.32 13 .037 .228 L. superior frontal 
(57.1%) 
L. middle frontal 
(42.9%) 

No
- g

o 
tri

al
s 

Hb
R 

16 0.23 3.80 12 .003 .112 L. inferior frontal 
operculum (57.1%) 
L. inferior frontal 
triangular (28.6%) 
L. rolandic operculum 
(14.3%) 

32 -0.16 -4.42 3 .021 .473 L. middle frontal 
(42.9%) 
L. superior frontal 
(28.6%) 
L. precentral (28.6%) 
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Channel-wise results for younger adults during the go / no-go task 

Several channels in bilateral frontal, and left precentral areas showed 
increases in HbO2 during go-trials in the younger adult group, however none 
of the channels showed significant changes in HbO2 concentration during no-
go trials. Two channels showed changes in HbR concentration during no-go 
trials: channel 16 in left inferior frontal regions, which showed an increase in 
HbR and channel 32 in left middle/superior frontal regions, which showed a 
decrease. In the previous DS pilot study, a cluster of channels (5,6,7,8,20) 
covering left inferior and superior temporal regions showed reductions in 
HbR concentration during no-go trials, suggesting that for this task, HbR 
responses may be more sensitive than HbO2. In this larger study, these 
channels failed to show such differences in uncorrected t-tests. These results 
are supported by the full HRFs in Figure 89, where it does not appear that 
these channels were showing classically-shaped responses that just failed 
to meet significance.  
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10.5.3 Functional activation during each condition: Older adult group 
 

For older adults, the channel-wise HRFs for go and no-go trials are presented 

in Figure 93 and Figure 94. Figure 95 (go trials) and Figure 96 (no-go trials) 
show the mean concentration changes during the 3-8 second time window 

projected on to the underlying cortex. Polhemus recordings were available 
for 6 of the 11 participants, and projections were performed by registering 

the atlas to the mean of these measurements. Individual channels showing 
a significant difference (p < .05, uncorrected) in peak chromophore 

concentration from baseline during go or no-go trials are highlighted in Figure 
97 and full t-test results for these channels are given in  

Table 39.  



 
 

  

330 

10 Study 4: Ageing and cognitive decline in Dow
n syndrom

e  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

For each plot, the x-axis is scaled from -2 to 10 seconds post-stimulus onset and the y-axis is scaled from -0.4 to 0.4 µMolar 
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Figure 93: Older adults group HRFs during go trials 
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For each plot, the x-axis is scaled from -2 to 10 seconds post-stimulus onset and the y-axis is scaled from -0.4 to 0.4 µMolar 
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Figure 94: Older adults group HRFs during no-go trials 
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  Figure 95: Mean molar concentration changes for older adults during go trials for HbO2 (top) and HbR (bottom) 



 

 
 

333 

10 Study 4: Ageing and cognitive decline in Dow
n syndrom

e 

 
 Figure 96: Mean molar concentration changes in older adults during no-go trials for HbO2 (top) and HbR (bottom) 
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 Figure 97: Older adults channels showing a significant difference in chromophore concentration from baseline during the GNG task 
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Table 39: Go/ no-go channel-wise t-tests for older adults 
 

  

  Channel  Mean 
HRF 
peak 
(µm) 

t  df  Uncorrected 
p 

Adjusted 
p 

Approximate cortical 
location 

G
o 

tri
al

s 

Hb
O

2 

29 0.29 2.96 4 .042 .591 R. superior frontal (66.7%) 
R. middle cingulum (33.3%) 

34 0.23 7.02 3 .006 .132 L. precentral (83.3%) 
L. postcentral (16.7%) 

35 0.28 5.32 4 .006 .132 L.  precentral (66.7%) 
L. inferior frontal operculum 
(33.3%) 

Hb
R 

5 -0.33 -2.54 10 .029 .588 L. superior temporal (33.3%) 
L. superior temporal pole 
(33.3%) 
L. inferior frontal triangular 
(16.7%) 
L. insula (16.7%) 

17 0.19 2.47 6 .049 .588 L. inferior frontal operculum 
(50.0%) 
L. precentral (50.0%) 

31 -0.09 -3.08 10 .012 .516 L. superior orbitofrontal 
(50.0%) 
L. superior frontal (16.7%) 
L. middle frontal (16.7%) 
L. middle orbitofrontal (16.7%) 

No
-g

o 
tri

al
s 

Hb
O

2 

34 0.40 3.52 3 .039 .725 L. precentral (83.3%) 
L. postcentral (16.7%) 

43 0.34 3.80 4 .019 .725 L. inferior frontal triangular 
(66.7%) 
L. middle frontal (33.3%) 

Hb
R  

22 -0.16 -3.17 10 .010 .436 L. inferior frontal triangular 
(100%) 

40 (ss) -7.35e-15 -2.43 7 .045 .753 R. middle frontal (66.7%) 
R. inferior frontal triangular 
(16.7%) 
R. inferior frontal operculum 
(16.7%) 
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Channel-wise results for older adults during the go / no-go task 
 

Older adults showed minor evidence of activation in channels in left 
precentral and bilateral frontal areas during go-trials, with some agreement 
to areas shown in the younger adults.  Channels showing change during no-
go trials are different again to those shown in previous studies. None of the 
changes seen in this group survived correction for multiple comparisons.  

Given that the focus of this study was on the executive components of the 
task, in this case response inhibition during the no-go trials, and that no 
channels showed changes in HbO2 or HbR concentration that survived 
correction for multiple comparisons in either age group, this task does not 
appear to be suitable in its current format for producing sufficiently robust 
frontal cortical responses for examining age-related changes. No further 
analyses were pursued.    
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10.6 Verbal Fluency Task: Behavioural Results 
 

39 participants attempted the fNIRS verbal fluency task. Despite each of 
these participants being able to recite the days of the week during the 
screening task, 5 failed to correctly recite the days of the week during the 
fNIRS task. These 5 were able to complete all other conditions, so their 
behavioural data is included in the group with scores of 0 for the days of the 
week condition, and these blocks were removed from fNIRS data analysis.   
 

Two participants repeated the words ‘cat, dog’ during the animals condition, 
suggesting possible interference from the earlier practice for the Stroop task. 
As these responses were repetitive rather than searching through a category 
to produce as many different words as possible, these blocks were also given 
a score of 0 for behavioural analyses and removed from the fNIRS data. 
Table 40 shows the mean words produced in each condition, across the 
whole group, and split by age. Mean verbal fluency scores were normally 
distributed.  
 
Repeated measures ANOVAs confirmed that neither category: F(3) = .928, 
p = .430, nor block order: F(3) = .768, p = .515 affected the number of words 
produced. The practice block was therefore included in the fNIRS data. 
There was no statistically significant difference in the number of words 
produced during verbal fluency trials between younger and older groups: 
t(37) = -0.045, p =.964.  
 
Across the whole group, the mean number of words produced across blocks 
differed between the conditions: F(2) = 28.657, p < .001. This difference was 
driven by participants producing more words in the days of the week t(38) = 
5.164, p < .001 and house repetition t(38) = 9.039, p < .001 conditions than 
in the verbal fluency condition.   
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Table 40: Mean words produced by condition for each age group 
 

 Whole group 
(N=39) 

Younger 
Adults 
(N = 21) 

Older Adults 
(N = 18) 

Mean (SD) words in 
verbal fluency condition 

6.18 (1.58) 6.16 (1.76) 6.19 (1.39) 

Mean (SD) words in days 
of the week condition 

8.94(3.45) 8.98 (3.42) 8.88 (3.58) 

Mean (SD) words in 
‘house’ condition 

9.76 (2.27) 10.23 (2.21) 9.20 (2.26) 

 
 

10.6.1 Decline Status 
 
One of the older adults had a diagnosis of dementia due to AD, one was 
currently under investigation and five more were showing decline on the 
CAMDEX-DS.  There was no significant difference in the number of words 
produced during the verbal fluency trials when controlling for age, between 
those for whom decline was not observed, and those who presented 
evidence of decline: F(1,15) = ,110, p = .745.   
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10.7 Verbal Fluency Task: fNIRS Results 
 

fNIRS measurements in one participant failed to save, despite being active 

on-screen. Data from 38 participants were therefore included. Figure 98 
presents the proportion of participants with data passing quality thresholds 

at each channel. 11 participants lost more than 40% of their array during 
pruning, and one further adult was removed following motion artefact 

identification as all channels were primarily composed of affected data. 26 
(12 older) therefore remained in the group analyses, with a median of 34 

channels surviving the automated prune channels function (range 27-44). 
Where necessary, channel 27 was then manually excluded, prior to further 

processing, due to the presence of oscillations as discussed above.  
 

 

Figure 98: Proportion of participants with good quality data in each channel for the VFT task  

(n = 38) 
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Individuals with data rejected were more likely to be female than male: 9/12 
(75.00%) rejected data sets came from female participants, whereas 8/18 

(44.44%) participants in the final group were female; c2 = 6.497, p = .011. 
There were no differences in age, task performance or general abilities 
between those in the final group and those who were excluded at this stage 
(see Table 41).  
 

Table 41: Differences between participants with data in the final group and data rejected 

 
*Equal variances not assumed 

 
 

Decline status 
Of the 12 adults in the older group, one had a diagnosis of dementia due to 
Alzheimer’s disease, and two (participants 1 and 3 in Table 33) did not have 
a diagnosis but were presenting with initial signs of decline as measured by 
the CAMDEX-DS.  
 
  

 Rejected 
data sets 

Final 
group data 

Test statistic  p 

Mean (SD) number 
of words in verbal 
fluency condition 

5.67 (1.57) 6.47 (1.55) t (36) = -1.477 .148 

Mean (SD) age 
(years) 

34.25 
(12.78) 

33.85 
(11.00) 

t (36) = 0.100 .921 

Mean (SD) verbal 
raw score 

44.75 
(18.25) 

45.42 
(17.10) 

t (36) = -0.110 .913 

Mean (SD) non-
verbal raw score 

17.17 (4.88) 18.19 (2.50) t (13.74) = -
0.688 

.503* 
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10.7.1 Motion Correction and HRF Estimation 
 
Motion correction approaches matched those used in the pilot studies, with 
the parameters for artefact identification, spline interpolation and wavelet 
transformation maintained.  
 
Following pilot studies, the timings of this task were updated to improve task 
completion rates. Each active trial remained 15 seconds in length, but the 
time between conditions was left open, allowing each participant to work at 
their own pace. Manual triggers were then sent to the fNIRS laptop at the 
start of each trial, so that no condition would begin before an individual was 
actively engaged and ready to respond. The grand mean of the time from the 
end of one condition to the start of the next was 11.07 seconds. Given that 
more than 10 seconds passed on average between conditions, the HRF was 
estimated using the same parameters as in the pilot studies, with the HRF 
timeframe extending from 5 seconds prior, to 25 seconds post-trial onset.   
 
The time-window selected for analyses following the pilot studies was 6-15s 
post-block onset. In this final study, the mean latency to the highest point of 
the HRF for HbO2 during the 15-second verbal fluency trials was 10.43s 
(SD = 2.16), across all participants and channels.   

 

10.7.2 Functional activation in each condition: younger adults 
 

Full HRFs for HbO2, HbR and HbT are plotted for each channel for the verbal 
fluency (Figure 99), days of the week (Figure 100) and house repetition (                     

Figure 101) conditions.  Cortical projections from the digitised optode 

locations were available for seven younger adults. Mean concentration 
changes during the 6-15 second post-block onset time window are projected 
on to the cortex using mean Polhemus measurements from these individuals 
in Figure 102 (verbal fluency), Figure 103 (days of the week) and Figure 104 
(house repetitions). Channels showing significant differences (p < .05, 
uncorrected) in chromophore concentration at the peak of the HRF 
compared to baseline are displayed in Figure 105 and t-test results from 
these channels are shown in Table 42.
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Figure 99: Younger adults group HRFs during verbal fluency 
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Figure 100: Younger adults group HRFS during the days of the week condition 
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                     Figure 101: Younger adults group HRFs during house repetitions 
 

  Plots are scaled from -1 to 1µM, with vertical lines marking block onset and 15 seconds later 
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Figure 102: Mean molar concentration changes in younger adults during the verbal fluency condition for HbO2 (top) and HbR (bottom) 
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Figure 103: Mean molar concentration changes in younger adults during the days of the week condition for HbO2 (top) and HbR (bottom) 
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Figure 104: Mean molar concentration changes in younger adults during the house repetition condition for HbO2 (top) and HbR (bottom) 
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Figure 105: Channels showing a significant difference in chromophore concentration during the verbal fluency task: younger adults 
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Table 42: VFT channel-wise t-tests for younger adults 
 

  Channel  Mean 
HRF 
peak 
(µm) 

t  df  Uncorrected 
p 

Adjusted 
p  

Approximate cortical 
location 

Ve
rb

al
 fl

ue
nc

y 
co

nd
iti

on
 

Hb
O

2 

2 0.9 4.39 13 < .001 .032 R. inferior frontal 
operculum (85.7%) 
R. inferior frontal 
triangular (14.3%) 

10 0.7 3.50 12 .004 .097 R. inferior frontal 
triangular (71.4%) 
R. inferior frontal 
operculum (28.6%) 

Da
ys

 o
f t

he
 w

ee
k  

Hb
R 

10 0.4 2.68 11 .021 .467 R. inferior frontal 
triangular (71.4%) 
R. inferior frontal 
operculum (28.6%) 

14 0.3 2.75 10 .020 .467 R. superior frontal 
(71.4%) 
R. superior medial frontal 
(14.3%) 
R. anterior cingulum 
(14.3%) 

Ho
us

e 
re

pe
tit

io
n  

Hb
O

2 15 -0.45 -3.39 9 .008 .352 L. inferior frontal 
triangular (57.1%) 
L. inferior frontal 
operculum (42.9%) 

Hb
R 

19 0.21 2.19 13 .048 .701 L. middle frontal (71.4%) 
L. inferior frontal 
triangular (28.6%) 

24 0.19 2.26 13 .042 .701 R. inferior orbitofrontal 
(14.3%) 
R. middle orbitofrontal 
(28.6%) 
R. middle frontal (28.6%) 
R. inferior frontal 
triangular (14.3%) 

38 0.20 20.70 1 .031 .701 L. middle frontal (57.1%) 
R. precentral (42.9%) 
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Channel-wise results for younger adults in the verbal fluency task 

 

For younger adults with DS, two channels (2 and 10) in right inferior frontal 
regions showed increases in HbO2 during verbal fluency trials that were 
significantly different from baseline at an uncorrected p < .05 level. After 
correction for multiple comparisons, channel 2 was still showing a significant 
response. No channels showed statistically significant changes in HbR 
during verbal fluency trials.  
 
During control trials, no channels showed significant changes in HbO2 during 
the days of the week condition, but channels 10 and 14 in right frontal areas 
each showed increases in HbR. Inverse responses were also noted in the 
house repetition condition, with channel 15 in the left inferior frontal cortex 
showing a decrease in HbO2, and channels 19, 24 and 38 in bilateral frontal 
areas showing increases in HbR concentration. None of the changes seen 
in control conditions were still statistically significant following correction for 
multiple comparisons.  
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10.7.3 Functional activation during each condition: older adults  
 
Figure 106 (verbal fluency), Figure 107 (days of the week) and Figure 108 
(house repetitions) show the full HRFs for HbO2, HbR and HbT in the older 
adult group. Six older adults provided Polhemus data. Mean optode positions 
from these adults were used to project the mean concentration changes 
during the time period from 6-15 second post-block onset on to the 
underlying cortex.  Changes for HbO and HbR are presented for each 
condition: verbal fluency (Figure 109), days of the week (Figure 110) and 
house repetition (Figure 111).  Channels that show a significant difference 
from baseline during this time window are presented in Figure 112 and t-test 
results for these channels are given in Table 43. 
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Plots are scaled from -1 to 1µM, with vertical lines marking block onset and 15 seconds later 
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Figure 106: Older adults group HRFs during the verbal fluency condition 
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Plots are scaled from -1 to 1µM, with vertical lines marking block onset and 15 seconds later 
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Figure 107: Older adults group HRFs during the days of the week condition 
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                                 Plots are scaled from -1 to 1µM, with vertical lines marking block onset and 15 seconds later 
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Figure 108: Older adults group HRFs during house repetition 
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Figure 109: Mean molar concentration changes in older adults during the verbal fluency condition for HbO2 (top) and HbR (bottom) 
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Figure 110: Mean molar concentration changes in older adult during the days of the week condition for HbO2 (top) and HbR (bottom) 
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  Figure 111: Mean molar concentration changes in older adults during the house repetition condition for HbO2 (top) and HbR (bottom) 
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Figure 112: Older adults channels showing a significant difference in chromophore concentration from baseline during the VFT 
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Table 43: VFT channel-wise t-tests for older adults 
 

  Channel  Mean 
HRF 
peak 
(µm) 

t  df  Uncorrected 
p 

Adjusted 
p 

Approximate 
cortical location 

Ve
rb

al
 fl

ue
nc

y 
co

nd
iti

on
 

HbO2 10 
 

0.49 2.78 11 .018 .783 R. inferior frontal 
triangular (66.7%) 
R. inferior frontal 
operculum (33.3%) 

Hb
R 

12 -0.22 -2.81 9 .020 .431 R. inferior frontal 
operculum (50.0%) 
R. inferior frontal 
triangular (33.3%) 
R. middle frontal 
(16.7%) 

36 -0.31 -2.60 5 .048 .431 R. middle frontal 
(16.7%) 
R. precentral 
(83.3%) 

37 -0.35 -2.33 9 .041 .431 R. middle frontal 
(100.0.%) 

38 -0.55 -6.45 5 .001 .058 R. middle frontal 
(83.3%) 
R. precentral 
(16.7%) 

Da
ys

 o
f t

he
 w

ee
k 

Hb
O

2 

20 0.45 3.27 11 .007 .194 L. middle frontal 
(33.3%) 
L. inferior frontal 
triangular (33.3%) 
L. inferior 
orbitofrontal (16.7%) 
L. middle 
orbitofrontal (16.7%) 

30 0.42 3.18 11 .009 .194 L. superior frontal 
(50.0%) 
L. middle frontal 
(33.3%) 
L. superior medial 
frontal (16.7%) 

42 0.66 3.46 3 .041 .596 L. middle frontal 
(50.0%) 
L. superior frontal 
(50.0%) 

Ho
us

e 
re

pe
tit

io
n 

Hb
O

2 

5 0.66 2.32 11 .040 .464 L. superior temporal 
(50.0%) 
L. superior temporal 
pole (33.3%) 
L. insula (16.7%) 
 

39 -0.31 -4.65 6 .004 .155 
 

L. middle frontal 
(50.0%) 
L. superior frontal 
(50.0%) 

41 -0.39 -2.48 9 .035 .553 L. middle frontal 
(66.6%) 
L. superior frontal 
(33.3%) 
 

HbR 32 -0.24 -2.89 5 .034 .648 L. middle frontal 
(50.0%) 
L. superior frontal 
(33.3%) 
L. precentral 
(16.7%) 
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For older adults with DS, one channel in right inferior frontal regions (channel 
10) showed a significant increase in HbO2 concentration during verbal 
fluency trials compared to baseline. This response appears to be smaller, 
but in a comparable region to responses seen in younger adults, although 
the difference from baseline did not survive correction for multiple 
comparisons in the older group. Four channels in right inferior and middle 
frontal regions showed decreases in HbR during verbal fluency trials. None 
remained significant following correction for multiple comparisons, however 
channel 38 showed a trend towards reduced HbR concentration.  
 
During the control conditions, three channels across the left frontal cortex 
showed increases in HbO2 for both the days of the week control (channels 
20, 30 and 42) and the house repetition condition (5, 39, 41). One further 
channel in the left middle / superior frontal cortex showed a reduction in HbR 
during house repetition trials. None of the channel-wise results survived 
correction for multiple comparisons in this older adult group.  
 
Given suggested activation during verbal fluency trials in younger adults that 
was not seen as strongly in the older group, ROI analyses were pursued to 
explore the data further. 
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10.7.4 Region of interest analyses for the verbal fluency task  
 
Key ROIs in bilateral inferior frontal / superior temporal regions, plus a control 
ROI in more superior regions, were defined following the pilot studies.  To 
further explore responses in this final study, the mean time course across all 
channels in a given ROI was used to select the peak concentration change 
in the pre-defined time-window of interest (6-15s). Figure 113 shows the 
channels included in each ROI. Figure 114 shows the full mean HRFs across 
each ROI for younger adults, and Figure 115 for older adults. 
 
Response differences based on task condition used the ‘days of the week’ 
condition as the control, for comparability with other published work.  
 

 

Figure 113: Regions of Interest for the Verbal Fluency Task 
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Figure 114: Mean HRFs for selected regions of interest in the verbal fluency task: younger adults 
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Figure 115: Mean HRFs for selected regions of interest in the verbal fluency task: older adults 
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A mixed-measures ANOVA was used to explore relationships between the 
two task conditions (VFT versus days of the week), three ROIs (Figure 113) 
and two age groups (younger versus older adults). Across the whole data 
set, there was no main effect found for condition: F(1,23) = .003, p = .956, or 
age group: F(1,23) = 0.328, p = .572. The main effect of ROI trended towards 
significance: F(2,46) = 2.779, p = .073 and there was a significant interaction 
between ROI and condition: F(2,46) = 3.466, p = .048 (Huynh-Feldt 
correction). Paired-samples t-tests showed that this interaction stemmed 
from significant differences in activation in the ROIs during the verbal fluency 
condition, with peak HbO2 change in the right inferior frontal ROI being 
significantly larger than that in the left inferior frontal ROI: t(25) = 2.745, p = 
.011 and the right superior frontal ROI t(25) = 2.748, p = .011. Differences 
between conditions in each ROI, or between ROIs for the week condition 
were not statistically significant (all p > .05).  
 
Given the lack of a clear, main effect of task condition or age group across 
the whole sample, further analyses were not pursued.    
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10.8 Picture Stroop Task: Behavioural Results 
 
All younger adults (N=21) and 19/22 older adults completed the practice 
paper-based version of the picture Stroop task. Two of the older adults were 
unable to perform the task, thus were excluded from analyses and did not 
attempt the fNIRS computerised version. One older adult refused the 
practice session, but wanted to try the fNIRS version.  19 younger and 20 
older adults completed the computerised fNIRS version. Two younger adults 
refused, both due to fatigue.  
 
Table 44 shows the group behavioural responses for both versions of the 
Stroop task. Across the whole group, response times to each condition were 
normally distributed, however within each age group, the distribution of 
response times was significantly different from a normal distribution for the 
Stroop condition in younger adults and the control condition in older adults. 
A Stroop effect was confirmed, with participants in the whole group 
responding more quickly (t(39)= -8.352, p < .001, timings available for the 
paper version only), and more accurately in both the paper practice (Z = -
4.534, p < .001) and fNIRS version (Z = -3.019, p = .002) to congruent than 
incongruent trials.  
 
A mixed-measures ANOVA found no statistically significant difference 
between the age groups in response times for the paper version F(1,38) = 
.142, p = .708, nor an interaction between age group and task condition for 
response times F(1,38) = 30.906, p = .244. Mann-Whitney U tests were used 
to explore differences between the age groups for accuracy in each condition 
of each version of the task. The groups did not differ in accuracy in either 
condition / task: paper version congruent trials: U = 167.50, p = .610; paper 
version incongruent trials: U = 146.00, p = .269; fNIRS version congruent 
trials: U = 192.5, p = .814; fNIRS version incongruent trials: U = 172.00, p = 
.446.  
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Table 44: Stroop tasks behavioural responses by group 
 

    Whole group Younger 
adults  Older adults 

Practice 
paper 
Stroop  
N = 21 YA  
N = 19 OA   

Median (IQR; 
Range)  
correct 
congruent 
trials  
(max 16) 

16.00 (1.00; 
13.00-16.00) 

16.00 (1.00; 
14.00-16.00) 

16.00 (1.00; 
1.00-16.00) 

Median (IQR; 
Range) correct 
incongruent 
trials (max 16) 

 14.00 
(3.00;10.00-
16.00) 

14.00 (3.00; 
10.00-16.00) 

15.00 (3.00; 
10.00-16.00) 

Mean (SD) time 
(s) congruent 
trials 

 14.61 (3.71) 14.30 (3.20) 14.96 (4.26) 

Median (IQR; 
Range) time (s) 
congruent 
trials 

14.19 (4.03; 
9.15-30.56) 

13.34 (4.83; 
9.15 – 2.84) 

14.56 (4.29; 
10.47-30.56) 

Mean (SD)  
time (s) 
incongruent 
trials 

 23.43 (7.48) 24.30 (7.96) 22.46 (6.99) 

Median (IQR; 
Range) time (s) 
incongruent 
trials 

22.58 (9.71; 
10.40-46.78) 

22.84 (9.85; 
15.00-46.78) 

21.29 (9.90; 
10.40-37.53) 

fNIRS 
Stroop  
N = 19 YA 
N = 20 OA   

Median (IQR; 
Range) correct 
congruent 
trials (max 24) 

 24.00 (0.25; 
19.00-24.00) 

24.00 (0.00; 
21.00-24.00) 

24.00 (1.00; 
19.00-24.00) 

Median (IQR; 
Range) correct 
incongruent 
trials (max 24) 

 24.00 (3.00; 
12.00-24.00) 

24.00 (2.00; 
12.00-24.00) 

23.00 (5.00; 
12.00-24.00) 
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Behavioural results by decline status 

One of the older adults had a diagnosis of dementia due to AD, and five were 
showing initial signs of decline based on the CAMDEX-DS. Comparing those 
with and without evidence of decline, there were no statistically significant 
group differences when controlling for age for accuracy during congruent 
trials in the paper: F(1,16) = .012, p  = .916, or fNIRS task versions: F(1,17) 
= .058, p = .813. There were also no statistically significant differences in 
response time in the paper version for congruent trials: F(1,16) = .021, p = 
.887 or Stroop interference trials: F(1,16) = .000, p = .985. When looking at 
accuracy in incongruent trials, no differences were seen for the paper version 
which had 16 trials: F(1,16) = 1.315, p = .268, however there was a trend 
toward lower accuracy with a small effect size in those showing decline in 

the fNIRS task: F(1,17) = 3.772, p = .069, h2partial = .182.   
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10.9 Picture Stroop Task: fNIRS Results 
 
2 older and 1 younger adult responded incorrectly to 50% or more of the 
Stroop trials and were removed from the fNIRS analyses.  36 adults had 
complete data sets for the Stroop task. Figure 116 shows the proportion of 
participants with data at each channel after pruning. With 40% or more of 
their channels rejected, 10 participants were removed from the data set, 
leaving 26 for group analyses. These 26 had a median of 33 channels (range 
27-42) surviving, and 13 were younger adults. One further younger 
participant was excluded from group analyses, as they had 17 (38.6%) 
channels rejected due to poor data quality, several of which fell in key regions 
identified during the pilot studies. Individuals with poor quality data showed 
no clear differences in terms of task performance, age or general abilities to 
those who remained in analyses (Table 45). In this sample, there was a trend 
toward rejected sets being more likely to be from female than male 
participants: 73% (8/11) of rejected data sets were from female participants, 
compared to 40% (10/25) of accepted data sets; C2 = 3.273, p = .07.  
 
 

 

  
Figure 116: Proportion of participants with good quality data at each channel for the Stroop task (N=36) 
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Table 45: fNIRS group data differences 
 
 

 

None of the older adults in the final group had been diagnosed with dementia. 
CAMDEX-DS interview results showed signs of decline in two older adults 

(participants 3 and 4 in Table 33) in this final group. 
  

 Rejected 
data 
sets 

Final group 
data 

Test statistic  p 

Median (IQR) fNIRS 
correct congruent 
trials 

24.00 
(1.00) 

24.00 (0.00) U = 125.50 .685 

Median (IQR) fNIRS 
correct incongruent 
trials 

22.00 
(9.00) 

24.00 (1.00) U = 83.50 .063 

Median (IQR) 
Practice  
correct congruent 
trials 

16.00 
(0.00) 

16.00 (1.00) U = 120.00 .565 

Median (IQR) 
Practice time (s) 
congruent trials 

13.66 
(4.04) 

13.34 (4.46) U = 135.50 .946 

Median (IQR) 
Practice correct 
incongruent trials 

14.00 
(3.00) 

14.00 (1.50) U = 129.00 .787 

Mean (SD) Practice 
time (s) incongruent 
trials 

23.62 
(8.28) 

21.70 (5.62) t(34) = 0.813 .422 

Mean (SD) age 
(years) 

32.91 
(10.63) 

34.84 
(16.50) 

t(34) = -0.502 .619 

Mean (SD) verbal 
raw score 

50.36 
(18.16) 

46.52 
(18.01) 

t(34) = 0.588 .560 

Median (IQR) non-
verbal raw score 

18.00 
(6.00) 

18.00 (3.50) U = 119.00 .542 
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10.9.1 Motion correction and HRF calculation  
 
The same motion correction and HRF estimation approaches were followed 
here as in the pilot work (section 8.10.1), with motion artefacts for spline 
interpolation defined as changes in OD greater 0.3 units in 0.5 seconds. 
 
 
10.9.2 Functional activation during each condition: younger adults 
 
Seven younger and five older adults in the final group for the Stroop task had 
digitised optode positions available. Cortical projections from these 
individuals are given for the respective t-test results. 
 
A time-window of 10-20s post-block-onset was selected following the pilot 
studies to extract peak amplitudes for analysis. In this final data set, the 
grand mean latency across all participants to the initial peak of the HRF for 
HbO2 during incongruent trials was 15.63s (SD = 3.40s).  

 
 
Group HRFs for congruent and incongruent trials in the younger adult group 
are shown in Figure 117 and Figure 118.  Mean concentration changes from 
10 to 20s post-block-onset are presented in Figure 119 for congruent and 
Figure 120 for incongruent trials, with Figure 121 and Table 46 showing the 
channel-wise t-test results for channels showing a difference in Hb 
chromophore concentration from the immediately preceding baseline that 
was significant at the p < .05 uncorrected level.  
 



 

 
 

371 

10 Study 4: Ageing and cognitive decline in Dow
n syndrom

e 

 
 

 
  

 
The vertical line is positioned at time=0 (i.e. the start of the block) and extends from -0.5 to 0.5 µMolar. 

S1

S2

S3

S4

S5

S6

S7

S8S9

S10

S11

S12S13

S14
S15

S16
D1

D2

D3

D4

D5

D6

D7

D8

D9

D10

D11

D12

D13

D14

D15

D16

Scaling

1.0 1.0

- Y +

- X +

Duplicate Plot

show Hidden Measurements

Time Markers

35.0 Interval

-0.5  0.5 Amplitude
(micro-molars)

show Time Markers

Figure 117: Younger adult group HRFs during congruent trials 
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Figure 118: Younger group HRFs during incongruent trials 
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Figure 119: Mean molar concentration changes in younger adults during congruent trials for HbO2 (top) and HbR (bottom) 
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Figure 120: Mean molar concentration changes in younger adults during incongruent trials for HbO2 (top) and HbR (bottom) 
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Figure 121: Younger adults: channels showing a significant difference in chromophore concentration from baseline during the Stroop task 
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Table 46: Stroop task channel-wise t-test results for younger adults 
 

  
Channel  Mean 

HRF 
peak 
(µm) 

t  df  Un 
corrected p 

Adjusted 
p  

Approximate cortical location 
Co

ng
ru

en
t t

ria
ls

 

Hb
O

2 

12 -0.40 -2.93 7 .022 .823 R. inferior frontal operculum 
(57.1%) 
R. inferior frontal triangular (28.6%) 
R. middle frontal (14.3%) 

Hb
R 

1 -0.57 -2.65 7 .033 .361 R. rolandic operculum (42.9%) 
R. superior temporal (28.6%) 
R. inferior frontal operculum 
(14.3%)  
R. superior temporal pole (14.3%) 

23 -0.21 -3.57 10 .005 .112 R. inferior frontal triangular (85.7%) 
R. middle frontal (14.3%) 

28 -0.17 -2.27 11 .044 .391 R. superior frontal (42.9%) 
R. middle frontal (28.6%) 
R. anterior cingulum (14.3%) 
Middle superior frontal (14.3%) 

36 -0.15 -3.99 3 .028 .361 R. precentral (42.9%) 
R. middle frontal (28.6%) 
R. inferior frontal operculum 
(28.6%) 

In
co

ng
ru

en
t t

ria
ls

 
 

Hb
O

2 

5 0.72 5.51 11 < .001 .008 L. insula (28.6%) 
L superior temporal pole (28.6%) 
L. inferior frontal operculum 
(14.3%) 
L. rolandic operculum (14.3%) / L. 
superior temporal (14.3%) 

6 0.73 2.94 9 .016 .181 L. middle temporal (42.9%) 
L. superior temporal (42.9%) 
L. rolandic operculum (14.3%) 

7 0.50 2.24 11 .046 .292 L. inferior orbitofrontal (71.4%) 
L. middle orbitofrontal (28.6%) 

14 0.27 2.77 8 .024 .213 R. superior frontal (71.4%) 
R. anterior cingulum (14.3%) 
R. superior medial frontal (14.3%) 

16 0.81 3.97 11 .002 .049 L. inferior frontal operculum 
(57.5%) 
L. inferior frontal triangular (28.6%) 
L. rolandic operculum (14.3) 

17 0.51 2.95 9 .016 .181 L. precentral (57.1%) 
L. inferior frontal operculum 
(28.6%) 
L. postcentral (14.3%) 

20 0.35 2.26 11 .045 .292 L. middle frontal (42.9%) 
L. inferior frontal triangular (28.6%) 
L. inferior orbitofrontal (14.3%) / L. 
middle orbitofrontal (14.3%) 

Hb
R 

7 0.22 2.62 11 .024 .399 L. inferior orbitofrontal (71.4%) 
L. middle orbitofrontal (28.6%) 

8 0.35 2.53 11 .028 .399 L. inferior orbitofrontal (42.9%) 
L. superior temporal pole (28.6%) 
L. insula (14.3%) / L. inferior frontal 
triangular (14.3%) 

17 -0.35 -3.82 9 .004 .180 L. precentral (57.1%) 
L. inferior frontal operculum 
(28.6%) 
L. postcentral (14.3%) 

24 0.15 2.37 11 .037 .399 R. middle orbitofrontal (28.6%) 
R. inferior orbitofrontal (28.6%) 
R. middle frontal (28.6%) 
R. inferior frontal triangular (14.3%) 

39 0.07 4.54 2 .045 .399 R. middle frontal (57.1%) 
R. superior frontal (42.9%) 
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Channel-wise analyses for younger adults in the Stroop task 

 
Results from the younger adult group show distinct patterns of activation for 
each condition. During congruent trials, only one channel (channel 12) 
showed a difference in HbO2 concentration from baseline, with concentration 
reducing. Four channels (1, 23, 28, 36) across frontal regions in the right 
hemisphere showed reductions in HbR concentration during congruent trials, 
however none remained significant following FDR correction.  
 
During incongruent trials, several channels showed classic haemodynamic 
responses indicative of activation. In the left hemisphere, when uncorrected 
for multiple comparisons, channels showing increases in HbO2 extended 
from orbitofrontal cortex (channel 7), back to areas of the precentral gyrus 
(channel 17), and reaching down laterally to the middle temporal gyrus in 
some individuals (channel 6). These differences survived FDR correction in 
channels 5 and 16. In the right hemisphere,  one channel (14) in the superior 
frontal gyrus showed an increase in HbO2 that when uncorrected, was 
significantly different to baseline levels. Channel 17 was the only channel to 
show both an increase in HbO2 and decrease in HbR that were significantly 
different from baseline in uncorrected t-tests. Four further channels (7 and 8 
in left orbitofrontal regions; 24 and 39 in right orbitofrontal and middle frontal 
regions) showed increases in HbR in comparison to the immediately 
preceding baseline, however none of the HbR differences remained 
significant after correction for multiple comparisons.  
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10.9.3 Functional activation during each condition: older adults 
 

Group HRFs are plotted for each channel for the older adult group in Figure 
122 (congruent trials) and Figure 123 (incongruent trials). Figure 124 

(congruent trials) and Figure 125 (incongruent trials) show the mean 
concentration changes during the window from 10 to 20 seconds post block 

onset and Figure 126 and Table 47 give the channel-wise t-test results. 
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                               The vertical line is positioned at time=0 (i.e. the start of the block) and extends from -0.5 to 0.5 µMolar. 

 
 
 
 
 

Figure 122: Older adult group HRFs during congruent trials 
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                               The vertical line is positioned at time=0 (i.e. the start of the block) and extends from -0.5 to 0.5 µMolar. 
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Figure 123: Older adult group HRFs during the incongruent trials 
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Figure 124: Mean molar concentration changes in older adults during congruent trials for HbO2 (top) and HbR (bottom) 
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Figure 125: Mean molar concentration changes in older adults during incongruent trials for HbO2 (top) and HbR (bottom) 
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Figure 126: Older adults: channels showing significant differences in chromophore concentration from baseline during the Stroop task 
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Table 47: Stroop task channel-wise t-tests for older adults 
 

  Chann
el  

Mean 
HRF 
peak 
(µm) 

t  df  Uncorrect
ed p 

Adjuste
d p  

Approximate cortical 
location 

Co
ng

ru
en

t t
ria

ls
 Hb

O
2 

8 0.43 2.1
8 

12 .049 .728 L. inferior orbitofrontal 
(60.0%)  
L. inferior frontal triangular 
(40.0%) 

40 
(short) 

6.41e-15 2.5
0 

10 .031 .728 R. inferior frontal triangular 
(20%) 
R. inferior frontal operculum 
(20%) 
R. middle frontal (60%) 

Hb
R 

13 -0.12 -
2.2
2 

11 .048 .705 R. middle orbitofrontal 
(40.0%) 
R. middle frontal (40.0%) 
R. superior frontal (20.0%) 

15 -0.28 -
2.4
9 

8 .037 .705 L. inferior frontal triangular 
(80.0%) 
L. inferior frontal operculum 
(20.0%) 

In
co

ng
ru

en
t t

ria
ls

 

Hb
R 

10 0.25 2.7
7 

10 .020 .438 R. inferior frontal triangular 
(60.0%) 
R. inferior frontal operculum 
(20.0%) 
R. rolandic operculum 
(20.0%) 

26 0.15 2.3
4 

10 .041 .490 R. superior frontal (60.0%) 
R. middle frontal (40.0%) 

36 0.36 3.4
0 

7 .011 .438 R. precentral (80.0%) 
R. middle frontal (20.0%) 

 
All other results p > .05 
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Channel-wise results from the older adults in the Stroop task 

 
Channel-wise results from the older adult group differ from those seen in the 
younger adults for both conditions of the Stroop task. During congruent trials, 
one channel in the left inferior frontal / orbitofrontal regions shows a small 
increase in HbO2, and two further channels, one in the left inferior frontal, and 
one in the right orbito / middle frontal areas show small reductions in HbR 
concentration.  
 
During incongruent trials, no channels showed a significant increase in HbO2 
concentration, but three channels in right frontal areas showed small 
increases in HbR: the opposite of what one would expect in a typical 
activation response. None of the channels showing concentration changes 
in the channel-wise t-tests remained significant following FDR correction for 
multiple comparisons.   
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10.9.4 Region of interest analyses for the Stroop task 
 
Given suggestions of condition- and location-specific responses in the 
younger adults, which differ from results seen in the older group, further 
analyses were pursued in selected ROIs defined in the pilot studies. Figure 
127 shows the location of the ROIs in the optode array. Figure 128 shows 
the mean HRF across all the channels in each of the ROIs for younger adults, 
and Figure 129 for older adults. 

 
 

 
 
 
 
 
 
 
 
 

Figure 127: Regions of interest for the Stroop task 
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Figure 128: Mean HRFs across selected regions of interest in the Stroop task (younger adults) 
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Figure 129: Mean HRFs across selected regions of interest in the Stroop task (older adults) 
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A repeated-measures ANOVA was used to explore relationships between 
HbO2 responses in the two task conditions (congruent versus incongruent 

trials), across three ROIs (Figure 127) and the two age groups (younger 

versus older adults). A main effect of ROI was determined: F(2,46) = 5.680, 

p = .006, h2partial = .198. Polynomial tests of within subject contrasts showed 
significant linear: F(1,23) = 4.944, p = .036, h2partial = .177; and quadratic: 

F(1,23) = 7.028, p = .014, h2partial = .234 trends with the first ROI being that in 
the left inferior frontal region, the second in the right inferior frontal region 
and the third the control area in the superior frontal cortex. ROI did not show 
statistically significant interactions with age group: F(2,46) = .073, p -= .929, 
or condition across the whole sample: F(2,46) = 1.328, p = .275 
 
No main effect was seen for condition across the whole group: F(1,23) = 
.425, p = .521. The effect of  age group also failed to meet a p < .05 threshold: 
F(1,23) = 2.464, p = .130.  However, within-subject contrasts revealed a 
significant linear interaction between ROI, condition and age group: F(1,23) 

= 6.150, p = .021, h2partial = .211.  
 
Looking at each ROI individually, in the left inferior frontal ROI the main effect 
of condition was not statistically significant: F(1,23) = 1.909, p = .180, 
however the interaction between condition and age-group was: F(1,23) = 

6.885, p = .015, h2partial = .230. Paired-samples t-test showed that in the 
younger adult group, the peak HbO2 concentration change in this ROI was 

larger during incongruent trials (mean peak value = 0.623µM) than congruent 
trials (mean = 0.174µM)  t(11) = -2.290, p = .043.  In the older group, there 
was no statistically significant difference between responses to each 
condition in this ROI: t(12) = 1.189, p = .257. No main effect of condition, or 
interaction between age and condition were observed in the two other ROIs 
(all p > .05).   
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10.9.5 Stroop Task: predictors of responses in the left inferior frontal 
ROI 

 
 
A key ROI in left inferior frontal / superior temporal regions showed different 
patterns of activation in congruent and incongruent trials in the younger 
adults in this sample. However, across the whole data set, there was large 
variability in responses. A series of linear regression models were used to 
explore relationships between this haemodynamic response and age, task 
performance, general verbal and non-verbal abilities to examine whether any 
of these factors may explain this individual variability. 
 
The first model confirmed a significant linear relationship between age and 
peak HbO2 concentration: F(1,23) = 5.630, p = .026, R2 = .197 (Figure 130). 

Participants’ predicted HRF peak is equal to 1.212– (0.23*age) µM, when 
age is measured in years, thus a participant’s predicted HRF peak reduced 
by 0.23µM with each additional year of life.  
 
 

 

 

 

 

 

 

 

 

 

 

Figure 130: Scatter plot of peak HbO2 concentration 10-20s post-block onset in a left inferior 
frontal ROI during Stroop trials versus age 
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In the above model, age accounted for 20% of the variance in the peak HRF 
for HbO2 during incongruent trials.  
 
Figure 131 presents scatter plots for the peak HbO2 concentration change in 
the key ROI with accuracy in incongruent trials, response time for 
incongruent trials from the practice version of the task, and KBIT-2 verbal 
and non-verbal raw scores. A series of single linear regression models found 
none of these predictors to have a statistically significant relationship with 
the peak of the haemodynamic response: 
 Stroop accuracy: F(1,23) = 0.625, p = .437 
 Stroop response time: F(1,23) = .004, p = .949 
 KBIT-2 verbal raw score: F(1,23) = 2.477, p = .129 

KBIT-2 non-verbal raw score: F(1,23) = 2.981, p = .098 
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Figure 131: Peak HRF for HbO2 predictors 
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fNIRS Tasks Results Summary 
 
Behavioural results from the final study found that the three tasks selected 
(a GNG task, VFT and Stroop task) were all suitable for both younger and 
older adults with DS, with task completion rates ranging from 77% for older 
adults in the GNG task, to 100% for younger adults in the VFT.  
 
For the GNG task, no differences were found in performance based on age, 
or decline status. 
 
fNIRS data quality remained variable, with between 24% and 32% of full data 
sets lost due to quality issues in each task. In this larger group, it was 
possible to look further at differences between accepted and rejected data 
sets. Across the tasks, the only variable to influence data quality was sex, 
with more data rejected from female than male participants, suggesting that 
the system used still had difficulty with hair impeding the light fibres. Age, 
general abilities and task performance did not seem to influence the data 
quality however, giving positive support for the suitability of fNIRS for diverse 
participant groups.  
 
Cortical responses in the GNG task appeared inconsistent across each of 
the groups and studies. It is possible that this event-related design had an 
insufficient number of trials, or insufficient rests between trials, to elicit robust 
responses. Given the variation in results, this task in the format used was not 
considered suitable for exploring differences in cortical function in relation to 
age or ability in adults with DS.  
 
For the VFT, while preliminary channel-wise t-tests suggested evidence of 
activation in right inferior frontal areas in younger adults, with reduced 
responses in older adults, ROI analyses did not confirm a significant 
difference in response between the age-groups. A significant interaction 
between ROI and condition was found, such that activation across the whole 
group was specific to the ROI in the right inferior frontal cortex during verbal 
fluency trials, suggesting that the task is capable of eliciting condition- and 
location-specific responses. However, this task in the format used here was 
not suitable for identifying changes in cortical function with advancing age.  



10 Study 4: Ageing and cognitive decline in Down syndrome 

  394 

 
The Stroop task provided the most promising results of the three tasks for 
the purpose of tracing ageing-related changes in cortical function in 
individuals with DS, even in the absence of behavioural changes. Younger 
adults showed a condition- and location-specific increase in HbO2 

concentration during incongruent trials in a key ROI in the left inferior frontal 
/ superior temporal cortex. Further, the peak of this response decreased with 
age. Peak HbO2 concentration changes during incongruent trials in this ROI  
did not show statistically significant relationships with general abilities or task 
performance in this relatively small sample.    
 
In the final chapter, results from all studies will be discussed in reference to 
the aims of this thesis, and to findings from the literature.  
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This thesis presents four original studies, each undertaken in pursuit of the 

following overarching research aim:  

 
1. To examine the feasibility of using functional near 

infrared spectroscopy (fNIRS) to measure frontal cortical 
activity in adults with Down Syndrome (DS), during tasks 

of executive functioning (EF).  
 

DS is considered to be the greatest genetic risk factor for early-onset 
Alzheimer’s disease (AD) (Wiseman et al., 2018), and nearly all adults with 

DS can be expected to show the characteristic neuropathology of AD from 
their fourth decade onwards (Mann & Esiri, 1989; Wisniewski, Wisniewski, et 

al., 1985). Decline in EF may be an early indicator of dementia in DS, yet a 

lack of functional neuroimaging studies in this population limit the possibility 
of using measures of EF and concurrent brain function for identifying those 

at risk, or tracking AD-related decline. As a more accessible neuroimaging 
modality than fMRI or PET, fNIRS offers an alternative approach to 

measuring cortical function in people with DS, with the potential to open new 
avenues of research in this population.   

 
 

Three further secondary aims were addressed alongside the primary goal: 
 

i. To identify, and if necessary modify, existing tasks of EF for use in 

neuroimaging studies with adults with DS 
ii. To assess individual differences in task performance in adults with 

DS in relation to age and cognitive decline status 
iii. Where robust patterns of cortical activation were determined for any 

of the tasks, to explore relationships between peak chromophore 
concentration and age, task performance, general verbal and non-

verbal abilities 
 

In study 1 (Chapter 5), adults with DS and their carers were invited to 
participate in focus groups to discuss neuroimaging research, and to 

experience a staged fNIRS experiment then give their feedback.  
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In study 2 (Chapters 6 to 8), four tasks of EF were adapted for use with an 
NTS optical imaging system (Gowerlabs LTD, London), and a purposefully 
designed optode array that broadly sampled the frontal cortex. Adults without 
DS were recruited to assess the suitability of each of the tasks for use in an 
fNIRS study, and to ensure compatibility with the specific system used for 
fNIRS data collection.  
 
Study 3 (Chapter 9) introduced the first participants with DS for behavioural 
and fNIRS data collection, to assess the suitability of each of the tasks, and 
assess how well the fNIRS equipment was tolerated in this group.  
 
In the fourth and final study (Chapter 10), three of the four tasks that were 
considered to be suitable for use in adults with DS following piloting were 
administered to a larger group of adults with DS. For two of the tasks, 
responses in regions of interest (ROIs) identified in the pilot studies were 
considered in relation to task condition and age. Where clear reponses were 
identified, these were further explored in relation to task performance and 
general verbal and non-verbal abilities.  
 
The overall feasibility of using fNIRS to measure cortical activity in adults with 
DS will be discussed first. Results from each of the four tasks of EF will then 
be discussed in turn, in reference to the research aims. Results will be 
compared to published fNIRS studies in the non-DS population, and findings 
further discussed in relation to the wider literature concerning ageing and 
AD. Limitations of the current research will be acknowledged, and finally 
future plans outlined.   
 
  



11 Discussion 

 
 399 

11.1 Primary Aim: Feasibility of using fNIRS in people with 
Down syndrome 

 

In preliminary focus groups conducted with adults with DS and their carers, 

the NTS optical imaging system presented to the group was viewed in a very 
positive light. Carers considered the equipment to be well designed, less 

intimidating than MRI or PET scanners, and likely to be better tolerated than 
EEG due to the absence of saline solution or conductive gel. Adults with DS 

were keen to participate in a staged fNIRS study, and reported enjoying the 
experience. The Easycap used as example head gear was considered to be 

very comfortable, even by one participant who felt that the cap they had worn 
for a previous EEG study was so uncomfortable that they would not consider 

participating in EEG research again.  

 
Disadvantages raised by individuals with DS included the number of heavy 

wires attached to the head, and the lack of direct images of the brain, like 
those that can be obtained during a structural MRI scan. Nevertheless, these 

early discussions indicated that this group of adults with DS would be keen 
to participate in fNIRS research, and pilot studies were therefore pursued. 

 
The fNIRS headgear used in the three fNIRS studies consisted of an optical 

fibre array containing 16 light sources and 16 detectors, fitted to the scalp 
using custom designed optode holders, embedded in a soft, flexible Easycap 

(Minow, 2016). The cap was held in place with a shoulder strap (see Figure 

19), in an attempt to limit motion artefacts caused by jaw movements during 
speech, as two of the four tasks used in these studies required verbal 

responses from the participants. This headgear design was found to be 
extremely well tolerated: all participants with DS in the pilot studies (n = 9), 

and 43/46 (93.5%) participants in the final study completed at least one of 
the three final fNIRS tasks. All three non-completers in the final study were 

unable to engage with cognitive testing, thus were excluded prior to fNIRS 
data collection.  

 
Tolerability fell slightly for longer-term wear. In the final study, 4/43 (9.30%) 

participants asked to remove the cap prior to completing all three tasks. 

However, these figures still fare favourably in comparison to a pilot study 
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examining tolerability of MRI and PET scans in adults with DS, where just 

8/13 (61.5%) of participants who were seen for the study were able to 

complete the scans (d’Abrera et al., 2013). Thus, in terms of tolerability, 
fNIRS appears to be well-suited to use in adults with DS.      

 
Attrition due to poor data quality was a greater concern. While this problem 

was partly addressed by Gowerlab’s engineers between the pilot studies and 
the final study, by increasing the strength of the lasers used in the NTS 

system, 24% to 32% of data sets were still lost in the final study in each task.  
Across all three fNIRS studies, participants most likely to have their data 

rejected for quality reasons were female, with long and/or thick hair. Such 
systematic data loss could introduce bias into the final data samples. Data 

sets were much less likely to be rejected due to motion artefacts, supporting 

prior claims that fNIRS is relatively robust to such problems (Ferrari & 
Quaresima, 2012; Lloyd-Fox, Blasi, & Elwell, 2010). Data loss due to poor 

signal-to-noise ratio or non-compliance is to some extent expected in 
neuroimaging studies, particularly when working with clinical populations. 

Future recruitment targets should plan for such loss, yet it should be 
acknowledged that the proportion of data sets lost in the final studies is 

substantially smaller than the attrition rates reported for fNIRS studies in 
infants. In fNIRS arrays with more than 20 optodes, between 46% and 58% 

of infant data sets are typically lost in each study (Cristia et al., 2013).  
 

Since the data in the studies reported here were collected, Gowerlabs have 

further improved their adult fibres: fibre tips are now longer to pass more 
easily through hair, and each holder is now spring-loaded to hold the fibre tip 

firmly against the scalp (http://www.gowerlabs.co.uk/fnirs-headgear/). It will 
remain to be seen whether such amendments improve future attrition rates. 
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11.2 Secondary aims  
 
11.2.1 Aim i: Identification and adaptation of tasks  
 
Four potentially suitable tasks of EF were selected from prior fNIRS studies: 
a go / no-go task (GNG), a verbal fluency task (VFT), a dimensional change 

card sort task (DCCS) and a Stroop task. Each had precedents in cognitive 

studies with people with DS or young typically developing children, 
supporting their suitability for the current research. The GNG (section 6.3), 

VFT (section 6.4), and DCCS (section 6.5), were based on existing versions,  
with modifications for use in the current studies detailed in the 

aforementioned thesis sections.  
 

Traditional Stroop tasks require participants to read words presented to them 
in quick succession. Given low levels of literacy in adults with DS, a novel 

computerised picture-based Stroop task was developed (section 6.6) for the 
current studies. The task was based on paper picture-based Stroop tasks, 

such as the cat / dog task (Ball et al., 2008), which itself was adapted from 

the day / night task (Gerstadt et al., 1994). Four pairs of easily recognisable 
objects or animals were selected, to allow block averaging of responses. For 

congruent trials, participants had to say the correct name of the picture 
presented. For incongruent trials, the participant had to say the name of the 

opposite picture in the pair.  
 

Results to each task will be discussed in turn, in relation to aims ii and iii.  
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11.3 Go / No – Go Task 
 
All adults with DS in the pilot studies were able to perform the task, but one 
participant failed to complete all blocks. In the final study, 18/21 (85.71%) of 
younger adults, and 17/22 (77.27%) of older adults completed the GNG. In 
each group, only one individual was unable to perform the task. Two younger 
and three older adults attempted the GNG but stopped before completion, 
and one further older adult refused to try the task.  
 
For those who completed the GNG, performance was very high. Median 
scores across the whole group were 54/54 go trials correctly hit, and 0/18 
commission errors in the no-go condition. 60.6% of the final sample made no 
commission errors, whereas the poorest performing individual made 5/18 
commission errors. In terms of accuracy, this task has strong ceiling effects, 
although reaction times were normally distributed across the sample. For an 
fNIRS study, this means that little data was lost due to poor task 
performance, while individual differences were still measurable in the 
response time variable.  

 
The GNG was the only task used to have an event-related design. In terms 
of activation in the cortical areas sampled by the fNIRS array in the current 
study, one could expect, from prior fNIRS and fMRI findings, to see activity 
in the inferior and middle frontal gyri, and the pre-supplementary motor area 
during the response inhibition associated with no-go trials (Herrmann, 
Plichta, et al., 2005; Rodrigo et al., 2014; Simmonds et al., 2008). Responses 
are typically right-lateralised, although similar but smaller responses have 
been reported in equivalent areas of the left hemisphere. 
 
Across the three studies, fNIRS responses during no-go trials showed large 
variability. In the initial pilot study, four adults without DS were included in 
the final sample. Within this small group, several channels covering bilateral 
inferior and middle frontal regions showed increased HbO2 concentration 
during no-go trials compared to baseline, suggesting that the event-related 
design used was capable of eliciting activity in expected cortical areas during 
response inhibition. In the second pilot study with adults with DS, channels 
showing significant differences in chromophore concentration during no-go 
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trials were primarily found in the left hemisphere, with two channels covering 
left middle frontal regions showing increases in HbO2, but one channel in left 
orbito-frontal regions showing a decrease in HbO2.  In this group, several 
channels showed significant reductions in HbR concentration in bilateral 
inferior frontal regions which were not found in the first pilot study.  
 
In the younger adult group in the final study, no channels showed significant 
changes in HbO2 concentration during no-go trials. One channel showed an 
increase in HbR in left inferior frontal regions, and one further channel 
showed a decrease in HbR in left middle/ superior frontal regions, however 
neither survived false discovery rate (FDR) correction for multiple 
comparisons. With a lack of consistent responses across the three studies, 
this task will require further modification for use in future studies. 
 

11.3.1 Aim ii: Task performance in relation to ageing and AD-related 
cognitive decline  

 
In the final study sample, no statistically significant differences were seen in 
accuracy or reaction time between younger and older adults, or between 
older adults who were showing signs of cognitive decline on the CAMDEX-
DS and those who were not. This task, in the current sample, was not 
sufficiently sensitive to identify age- or AD-related decline in performance. 

 
11.3.2 Aim iii: Relationships with fNIRS responses  
 
With each study showing different patterns of cortical activation in response 
to this task, it was concluded that the GNG in the format used here was 
unsuitable for exploring individual differences in cortical response, in relation 
to age, task performance or general ability.  
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11.3.3 Go / no-go task review  
 
The GNG task was found to be suitable for use in adults with DS, with less 

than 5% of participants unable to perform the task. However, the task was 

too long for some individuals. Accuracy measures showed strong ceiling 
effects, and neither accuracy nor response time measures showed group 

level differences based on age or decline status.  
 

Possible limitations in the event-related design used in the current study 
include an insufficient number of trials, or insufficient time between trials, to 

create a strong enough separation of responses between the two conditions. 
While analysed with an event-related approach, this task presented trials in 

blocks: half of which contained ‘go’ trials only, and half containing both ‘go’ 

and ‘no-go’ trials. In all three studies, participants responded more quickly to 
‘go’ trials in pure ‘go’ blocks, than in blocks of both ‘go’ and ‘no-go’ stimuli. 

This may have introduced further variability into the haemodynamic 
responses when considered in an event-related manner.  

 
 In the current design, the task was already too long for some individuals with 

DS to complete, highlighting the difficult balance in designing experiments 
that are accessible to participants with varying degrees of intellectual 

disability (ID), while ensuring good quality data is collected. The inter-trial 
interval in this task was randomly jittered between three and five seconds. 

Refractory periods for haemodynamic responses to return to a pre-stimulus 

baseline have been found to last approximately four seconds (Cannestra et 
al., 1998), thus the inter-trial interval used is within an appropriate range, but 

increasing this interval further may help with distinguishing responses. To 
disentangle potentially overlapping responses, rather than block-averaging 

the data, a deconvolution function was used to estimate the haemodynamic 
response function in each condition. This approach has been shown to be 

less sensitive to confounding timing factors in fNIRS data (Aarabi et al., 
2017).  Nevertheless, results from these three studies suggest that the GNG 

task in the format used here requires modification to secure robust 
responses in future studies.  

 

 



11 Discussion 

 
 405 

11.4 Verbal Fluency Task 
 
 
The VFT task was found to be widely accessible, with just one participant 
with DS in the pilot, and one older adult with DS in the final study refusing to 
attempt the task.  
 
The first version of the task had trial timings controlled by the stimulus laptop, 
and required participants to begin each trial when the screen changed colour. 
3/8 participants with DS in the pilot study failed to respond to the first trial, 
although all three completed subsequent trials with no difficulty. The 
presentation of the task was therefore adapted for the final study,  allowing 
the task to be administered face-to-face with the researcher, matching the 
protocol used in purely cognitive studies. A custom Matlab script ensured 
that trials were accurately timed, and stimulus onsets were imprinted in the 
fNIRS data, however in the adapted version, the researcher manually sent 
triggers to the fNIRS laptop, allowing greater flexibility in timing for individual 
participants. This adaptation gave much higher completion rates, with 100% 
of younger adults (n = 21) and 18/22 (81.82%) of older adults completing the 
task. Of the four older adults to not complete the fNIRS version, 3 had already 
passed the screening task, thus refused the task rather than were unable to 
complete it. The final participant refused both the screening and final fNIRS 
tasks.   
 
In the final study, VFT scores were normally distributed, showing sensitivity 
to a range of abilities. The minimum mean number of words produced during 
verbal fluency blocks was 3.25, and the maximum was 9.75, thus for those 
who tried the task, there were no floor effects.  
 
Prior neuroimaging studies show the inferior frontal gyrus as a key region of 
activation for semantic VFTs, with responses typically left-lateralized 
(Gaillard et al., 2003; Tupak et al., 2012; Wagner et al., 2014). However 
activity in right inferior frontal regions has also been reported, with reduced 

responses in right inferior frontal regions seen in elderly APOE e4 carriers 
(who are higher risk of developing AD) compared to non-carriers (Katzorke 
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et al., 2017) and reduced activity in the bilateral inferior junction reported with 
increasing age (Heinzel et al., 2013).  
 
Pilot results from adults without DS showed the strongest increases in HbO2  

concentration in right inferior frontal and superior temporal regions, with one 
further channel in the left inferior orbitofrontal cortex showing a significant 
increase in HbO2 during verbal fluency trials.  One channel in left precentral 
regions showed a concurrent decrease in HbR. Given the above noted 
difficulties in task administration, fNIRS data were not analysed on the group 
level for the DS pilot, however results from the final study showed some 
comparability with responses in the first pilot study. In younger adults, two 
channels in right inferior frontal regions, comparable to those seen in adults 
without DS, showed increases in HbO2 concentration during verbal fluency 
trials, one of which survived FDR correction for multiple comparisons.  
 
Older adults also showed an increase in HbO2 in similar areas, although this 
difference did not survive correction for multiple comparisons. None of the 
channels showed significant differences in HbR concentration in younger 
adults. Four channels in right inferior / middle frontal regions showed 
decreases in HbR concentration in the older adult group, however none 
survived correction for multiple comparisons.  
 
The VFT appeared to be suitable for use in fNIRS studies with adults with 
DS and further data analyses in response to aims ii and iii were pursued.  
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11.4.1 Aim ii: Task performance in relation to ageing and AD-related 
cognitive decline  

 

In this group, there were no statistically significant differences between 

younger and older adults, or between older adults with and without evidence 
of decline on the CAMDEX-DS.  

 
These findings contrast with larger studies of adults with DS from the London 

Down Syndrome Consortium (LonDownS). In a sample of 297 adults with 
DS, older adults performed significantly more poorly in a 60-second VFT than 

younger adults (Startin et al., 2019). The same study showed that the VFT 
was sensitive to cognitive changes associated with dementia, with 

significantly poorer performance seen in those with early signs of dementia 

compared to those with no signs of decline, and between those with a clinical 
diagnosis of dementia compared to those with early signs only (Startin et al., 

2019). Using the same data set, an event-based model analysis identified 
the VFT as one of the earliest markers of cognitive decline, from 16 different 

cognitive measures in adults with DS (Firth et al., 2018), thus one may have 
expected to see evidence of age- and AD-related decline in the results here.  

 
Several factors within the current study may explain these differences. 

Firstly, the age range was much broader in Startin and colleague’s study 
(2019), and when looking at older adults in 5-year age bands, significant 

differences only became evident from aged 45 years onwards. The mean 

age of older adults in the final study sample here was 44.31 years, with just 
6/18 older adults who completed the VFT being over the age of 45, thus it is 

possible that ageing-related decline in VFT performance has not yet started 
for this sample. In terms of cognitive decline related to AD, only one adult in 

the final sample had a diagnosis of dementia, and seven in total showed 
some evidence of decline. It is possible that this sample is simply too small 

to identify subtle changes in the earliest stages of dementia. Further, average 
general verbal and non-verbal abilities were higher in the sample who 

participated in the fNIRS studies, compared to the overall LonDownS cohort, 
thus it is possible that those who were performing more poorly were not 

included in the current studies.  
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One final difference is the trial length used in the studies. The longer trial 
length (60s versus 15s) used in the aforementioned cognitive studies may 
be more sensitivity to tracking decline.  The shorter trial times used in the 
fNIRS study were adopted following experience using the semantic VFT in 
earlier studies with the LonDownS cohort (Startin et al., 2016). In 60-second 
trials, most participants would have stopped producing new words long 
before the end of the trial, which would have affected fNIRS responses. 
 

11.4.2 Aim iii: Relationships with fNIRS responses  
 
Three ROIs were defined following piloting to explore responses further: one 
ROI covered the right inferior frontal gyrus, extending down to the superior 
temporal cortex in some individuals; one ROI covered an equivalent area in 
the left hemisphere, and one ROI covered middle / superior frontal regions 
as a control area.  
 
A condition- and location-specific haemodynamic response was confirmed, 
with HbO2 concentration increasing during verbal fluency trials in the right 
inferior frontal ROI. However no main effect of age, or interaction between 
age- and condition or ROI were observed. This task in the format used here 
was therefore not considered suitable for monitoring age-related changes in 
cortical function.   
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11.4.3 Verbal fluency task review  
 
The VFT is suitable for use with adults with DS, and capable of eliciting 
responses in cortical areas sampled by the array designed for the studies. 
However, areas of activation differed slightly from previously published 
results. A condition- and location-specific response in right inferior frontal 
regions was seen during verbal fluency trials. Semantic VFTs in those 
without DS typically produce the strongest activation in left inferior frontal 
regions (Gaillard et al., 2003; Tupak et al., 2012; Wagner et al., 2014). It is 
unclear here whether the rightward lateralisation seen was specific to those 
with DS. In a pilot study in adults without DS, two left inferior frontal channels 
were not available, potentially covering a key area of activation for this group.  
 
Disruption in key language areas in those with DS has been noted in passive 
story listening fMRI paradigms (Jacola et al., 2014; Reynolds Losin et al., 
2009). Older work had also suggested evidence of rightward-lateralisation 
for language processing in people with DS, based on dichotic listening tasks  
(Elliott & Weeks, 1993; Hartley, 1981). This is the reverse of the leftward-
lateralisation seen in the majority of people. However, similar tasks have also 
been used to reject the notion of right-lateralised language processing in DS 
(Piccirilli, D’Alessandro, Mazzi, Sciarma, & Testa, 1991; Tannock, Kershner, 
& Oliver, 1984). The current results therefore warrant further verification, 
perhaps directly comparing individuals with DS to a suitable control group.  
 
The 15-second trials used here were substantially shorter than the more the 
more commonly used 30 or 60-second protocols (Heinzel et al., 2013; 
Kahlaoui et al., 2012; Tupak et al., 2012). Further, rest periods were 
participant controlled, lasting an average of 10 seconds between trials. While 
this timing should be sufficient for any stimulus-evoked haemodynamic 
response to have reverted to prior baseline levels (Cannestra et al., 1998), 
looking at individual data sets, it appears that the stimulus response 
extended beyond this 10 seconds for some individuals. It is possible that 
while the overt production of words for a given trial may have stopped, some 
participants may have continued thinking of possible answers after the trial 
has finished. Longer trials, and longer separation between conditions may 
therefore improve the strength of condition-specific responses.  
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11.5 Dimensional change card sort 
 

The DCCS was chosen having been shown to be a suitable task for use with 

young children in fNIRS paradigms (Moriguchi & Hiraki, 2009, 2014). In a 
pilot study with adults with DS, all participants were able to successfully sort 

by shape and colour in the screening task, and all participants completed all 
blocks of the fNIRS version of the task. However, while participants reported 

finding the task ‘easy’, closer inspection of the raw data showed that all but 
one participant had at least one block of data where they had sorted more 

cards incorrectly than correctly, and was therefore unsuitable for fNIRS data 
analysis.  

 
Looking at the errors, in 8 cases, participants sorted more cards incorrectly 

than correctly in the pre-switch phase, but then perseverated and continued 

sorting in the same manner in the post-switch phase, making it appear that 
they had ‘passed’ the rule change. The individuals who attended the fNIRS 

pilot study were slightly higher functioning than the average participants with 
DS from the wider LonDownS cohort, thus this task was considered to be 

unsuitable for use in further studies, and the fNIRS data were not analysed.    
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11.6 Picture-based Stroop task 
 
All participants with DS in the pilot study completed the task, and 90% of 
participants in the final study completed the task: two older adults were 
unable to pass the screening task, and two younger adults passed the 
screening task but refused the fNIRS version.  
 
Accuracy in those who completed the task in the final study was high, with 
median correct answers of 24 (IQR = 0.25) for congruent trials and 24 (IQR 
= 3) for incongruent trials, out of a maximum of 24 in each condition.  
 
Word-based Stroop tasks commonly activate areas of the inferior and middle 
frontal gyri during incongruent trials, with responses typically stronger in the 
left hemisphere (ÇiftÇi* et al., 2008; Ehlis et al., 2005; Laird et al., 2005;  
Zhang et al., 2014). Activation, in terms of increased HbO2 concentration 
during incongruent trials, was identified in left inferior frontal areas for adults 
without DS and for younger adults with DS, matching expected areas of 
activation from a standard word Stroop task. However, channels in the left 
inferior frontal cortex failed to show significant increases in HbO2 in older 
adults with DS, or in those with DS  in the pilot study who were aged 30-37 
years.  
 
This purposefully developed picture-based Stroop task appears to be well 
suited for examining EF in adults with DS, and capable of eliciting consistent 
cortical activation in those with and without DS. Further analyses were 
therefore performed, in response to aims ii and iii.  
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11.6.1 Aim ii: Task performance in relation to ageing and AD-related 
cognitive decline  

 
Performance, in terms of accuracy in the computerised and paper versions 
of the task, and response time for the paper task only, showed no significant 
group differences in relation to age. However, accuracy in the computerised 
version during incongruent trials showed a trend towards being lower in a 
small group of older adults who were showing signs of cognitive decline, 
compared to those who were cognitively stable. Although the effect size was 
small, participants in the decline group were primarily showing only early 
signs of dementia, thus this task should be examined in a larger group of 
older adults with and without diagnosed dementia, to explore sensitivity to 
AD-related decline. 
  

11.6.2 Aim iii: Relationships with fNIRS responses  
 
ROIs were defined using responses in the pilot studies in bilateral inferior 
frontal areas (extending to significant channels in superior temporal regions), 
and one control area in the left superior frontal cortex. Younger adults with 
DS showed a location- and condition-specific response in the left inferior 
frontal ROI during incongruent trials.  
 
In older adults, the time course of the full HRF in the left inferior frontal ROI 
during incongruent trials followed a classic pattern of activation, as seen in 
the younger adults, however this response was far smaller, with a mean peak 

HbO2 concentration from 10-20 seconds post block onset of 0.62µM for 
younger adults, compared to 0.24µM for the older adults. This peak was not 
significantly different from baseline in older adults, nor significantly different 
than the response shown in the same area during congruent trials.   

 
Peak HbO2 concentration in the left inferior frontal ROI during incongruent 
trials reduced with increasing age. In this sample, age explained 20% of the 
variance in peak HbO2 concentration during incongruent trials. The absence 
of activation in this region in the adults with DS in the pilot study suggests 
that this reduction in response may be present from the early thirties, as all 
participants in this group were aged 30-37. No significant relationships were 
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found between this response and task performance, or general verbal or 

non-verbal abilities.   

 

11.6.3 Picture-based Stroop task review 
 

Data across the three fNIRS studies confirm that the novel picture-based 
Stroop task designed for the current research was suitable for the majority of 

adults with DS who participated. Consistent haemodynamic responses in left 
inferior frontal / superior temporal regions were seen in relation to 

incongruent trials, with reduced activation seen in this area with advancing 
age.   

 
fNIRS studies in those without DS have similarly noted reduced responses 

in lateral prefrontal regions during incongruent trials with age, with left 

hemisphere responses often showing the strongest differences (Agbangla et 
al., 2017; Hamasaki, Akazawa, Yoshikawa, Myoenzono, Tagawa, & Maeda, 

2018; Schroeter, Zysset, Kruggel, & von Cramon, 2003). However when age 
bands are differentiated, it appears that differences become apparent from 

the age of 60 (Hamasaki, Akazawa, Yoshikawa, Myoenzono, Tagawa, & 
Maeda, 2018). These results support the well documented notion of 

precocious ageing in DS (Bittles, Bower, Hussain, & Glasson, 2007; Horvath 
et al., 2015; Patterson & Cabelof, 2012; Wisniewski et al., 1978).  
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11.7 Executive functioning tasks summary 
 

Four tasks of EF were examined for suitability for use with adults with DS in 
fNIRS studies. Two of the tasks, a VFT and a specifically designed 
computerised picture-based Stroop task, were found to be widely accessible 
to adults with DS, and capable of eliciting activation during experimental 
conditions in the frontal and superior temporal regions sampled by the 
optode array used. A DCCS task was excluded after initial piloting, following 
poor behavioural performance from a group of relatively high-functioning 
adults with DS. The final task, a GNG, was performed well by most adults 
with DS who attended a study session, however the event-related format 
used in the current studies did not produce sufficiently consistent patterns of 
activation to warrant further analyses. The GNG is a widely used measure in 
fNIRS studies (Heilbronner & Münte, 2013; Herrmann, Plichta, et al., 2005; 
Monden, Dan, Nagashima, Dan, Tsuzuki, et al., 2012; Monden et al., 2015), 
thus it may be worth pursuing further with minor modifications to the timings.  
 
The picture-based Stroop task elicited activation in the left inferior frontal / 
superior temporal regions during incongruent trials, characterised by an 
increase in the concentration of HbO2. Peak HbO2 concentration in this ROI 
was found to reduce significantly with age, in the absence of observable 
decline in task performance. These results suggest that this task when used 
with fNIRS can provide a measure of ageing-related changes in brain 
function, prior to the onset of behavioural decline, in a population at 
exceptionally high risk of developing dementia due to AD. Further, accuracy 
in incongruent trials showed potential towards being sensitive to 
performance differences with the onset of dementia due to AD. A small group 
of individuals showing early signs of decline trended towards poorer 
accuracy than those who were cognitive stable. Future research should 
examine whether individual differences in task performance or fNIRS 
measurements offer predictive value in relation to AD-related decline over 
time.  
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11.8 Ageing 
 
Results from the final study in this thesis suggest that under certain 
experimental conditions, fNIRS measurements are sensitive to changes in 
brain function that occur with age in individuals with DS, prior to the onset of 
overt decline in task performance. Further, while in the current study there 
were too few participants to explore AD-related differences in haemodynamic 
response in the Stroop task, behavioural results suggest potential sensitivity 
to decline in performance at early stages of the disease. 
 
Although all older adults in the final study can be expected to possess AD 
neuropathology, it cannot be ascertained from the current results whether 
the reduced activation seen in the older adults is directly related to AD, or is 
purely a manifestation of typical ageing, albeit much earlier than one would 
expect to see in those without DS. A growing body of evidence supports the 
utility of fNIRS for measuring ageing relating changes in brain function 
(Agbangla et al., 2017; Hamasaki, Akazawa, Yoshikawa, Myoenzono, 
Tagawa, & Maeda, 2018; Heinzel et al., 2013, 2015; Kahlaoui et al., 2012; 
Schroeter et al., 2003), however a number of studies have also found fNIRS 
measurements to be sensitive to AD-related decline (Arai et al., 2006; 
Fallgatter et al., 1997; Hock et al., 1997; Katzorke et al., 2017). Such 
precedents provide motivation to extend the current studies using larger 
samples, and longitudinal measurements.  
 
There are currently several models that may explain changes seen in brain 
function with advancing age. The HAROLD (hemispheric asymmetry 
reduction in older adults) model (Cabeza, 2002) proposes that the typical 
asymmetries in activation seen for certain tasks in younger adults, 
particularly in the prefrontal cortex, become less clear with age. However, 
this model cannot account for findings that the more diffuse responses seen 
in older adults are not restricted to comparable areas in the contralateral 
hemisphere (Berlingeri, Danelli, Bottini, Sberna, & Paulesu, 2013). 
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The ‘CRUNCH’ model (compensation related utilisation of neural circuits 
hypothesis) (Reuter-Lorenz & Cappell, 2008) posits that neural circuits 
become less efficient with age, thus older adults recruit more areas to 
achieve same behavioural outcome as younger adults. At low cognitive 
loads, older adults will show more diffuse, less focal responses than younger 
adults. The ‘STAC’ model (scaffolding theory of ageing and cognition) (Park 
& Reuter-Lorenz, 2009; Reuter-Lorenz & Park, 2014) builds on this model 
further, by incorporating the idea of ‘compensatory scaffolding’ to counteract 
the effects of ageing related deterioration. Reuter-Lorenz and Park (2014) 
tentatively suggest that neurogenesis may be part of this compensatory 
activity, in addition to the recruitment of additional brain regions.  
 
Results from the final Stroop study support the notion of a less focal response 
with age, given the lack of difference between HbO2 concentration in three 
different ROIs during incongruent trials. However, the current optode array 
covered only frontal parts of the cortex. This limits the possibility of 
measuring larger scale reorganisation with age. Given a lack of behavioural 
difference between older and younger adults, it seems appropriate to 
assume that some degree of compensation must be taking place.  Future 
studies covering larger areas of cortex may help elucidate any such ageing-
related changes.  
 
Lastly, it is important to acknowledge that in addition to differences in neural 
activation, ageing may affect other processes that influence the fNIRS signal.  
Non-fNIRS techniques have documented reduced cerebral blood flow (CBF) 
with increasing age, which is independent from ageing-related regional 
atrophy (Chen, Rosas, & Salat, 2011). Areas of the frontal, parietal and 
temporal cortices are particularly affected. Reduced CBF is also reported in 
adults with dementia, yet the direction of this relationship remains unclear 
(Dai et al., 2009; Ruitenberg et al., 2005).  Vascular burden factors, including 
hypertension and atherosclerosis, can increase risk of dementia and may 
also contribute to regional hypoperfusion, with an fNIRS VFT study showing 
reduced haemodynamic responses in the left inferior frontal junction in those 
with higher vascular burden (Heinzel et al., 2015). The stiffness of the carotid 
artery can also affect the haemodynamic response, with significantly lower 
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haemodynamic responses seen in the left prefrontal cortex in those with high 

arterial stiffness (Hamasaki, Akazawa, Yoshikawa, Myoenzono, Tagawa, 

Sawano, et al., 2018). As ageing may influence the processes underlying 
neurovascular coupling, it can be difficult to disentangle whether differences 

with in age or disease groups reflect differences in neural activity or in 
neurovascular coupling itself (D’Esposito, Deouell, & Gazzaley, 2003). 

However, if ‘brain function’ is taken in its most broad sense, whether 
differences in fNIRS signals are directly related to changes in neural activity, 

or reflect wider differences in the function of the brain, measurements can 
still be of value for monitoring systemic functional changes over time.  
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11.9 Limitations 
 

As with all research, several limitations are recognised in the current work.  

 
Firstly, after data cleaning, fNIRS samples in the final study were relatively 
small, and there were an insufficient number of individuals showing cognitive 

decline to explore differences in fNIRS signals related to AD. fNIRS data for 
each of the studies presented were acquired using a rental system, which 

limited the time periods in which data could be collected. 35% of non-
attendees in the final study were interested, but unable to participate in the 

time frame available, indicating that larger samples could be recruited in the 
future. Almost 60% of non-attendees however refused participation. While 

reasons for refusal were not directly collected for all potential participants, 

several carers refused participation due to perceived difficulty with travelling 
in central London. This was despite all travel costs, including taxis where 

preferred, being covered for participants and their carers.  
 

Timings in the GNG and VFT tasks may have reduced the strength of 
haemodynamic responses to each task’s different conditions. Further 

separations between trials, and longer active trials in the VFT task should be 
examined in future work, to see if improved fNIRS data can be acquired.  

 
Despite improvements to the NTS system between the pilots and the final 

study, data loss was experienced in both younger and older adult groups due 

to quality issues. Data sets were most frequently rejected from female 
participants with thicker and longer hair, suggesting that hair was impeding 

the light in these participants. This is a clear problem with fNIRS as a 
modality, however it is also one that is being addressed by fNIRS engineers.    

 
In the current studies, fNIRS data from individuals with DS were projected 

onto a standard Colin27 atlas, provided in AtlasViewer, to allow an 
approximation of locations of activation for each task. For more precise 

localisation, DS-specific templates at a range of ages would be extremely 
valuable, given differences in neuroanatomy in comparison to the non-DS 

population throughout the lifespan (see section 1.3).  
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A further issue to consider regards the estimation of the HRF, and the initial 

comparisons with baseline. The function in Homer2 used to estimate the 

HRF uses a chosen period of time immediately preceding the onset of each 
block to use for baseline correction. While participants were instructed to 

remain quiet and still during rest periods between blocks, it is very difficult to 
control what a participant is doing cognitively at these time points. Further, 

as each task continues, participants may be responding differently at each 
subsequent baseline: potentially thinking about previous responses, or 

anticipating the following trials to come, either of which would affect cortical 
activity. Indeed, in the absence of clear, goal-oriented behaviour, the brain is 

still remarkably active. A ‘default mode network’, which includes areas of the 
pre-frontal cortex accessed via the array used in these studies, is known to 

show activity during rest, that is then suppressed as one focusses on a 

specific task (Raichle, 2015; Raichle et al., 2001).  
 

The use of active control conditions is of key importance here (Herrmann, 
Plichta, et al., 2005). Comparisons between the conditions can increase 

certainty that any changes in chromophore concentrations observed during 
experimental trials are related to the cognitive process(es) of interest, in this 

case related to EF, rather than potentially confounding factors such as 
attending to stimuli, or providing a verbal or motor response. Each task here 

was designed with an active control condition, however responses to each 
condition were examined separately in relation to the immediately preceding 

baseline the first instance. This process allowed exploration of any 

haemodynamic response seen in individuals with DS in relation to any 
cognitive stimuli: an important first step in assessing the feasibility of using 

fNIRS for this purpose. However, such patterns of activation cannot give 
clear answers concerning the timing and / or localisation of haemodynamic 

responses to the experimental condition of each task. Such measures should 
be acknowledged as a way of assessing feasibility, with further analyses 

comparing responses within each condition, or subtracting responses from a 
given control condition from the experimental condition, to localise responses 

to the target stimuli. Two tasks used here, the VFT and the Stroop, showed 
evidence of condition- and location- specific responses which warrant further 

investigation in a larger sample, followed over time. 
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Lastly, while results from the Stroop task indicate sensitivity to changes in 

task-related brain function with advancing age, the cross-sectional nature of 
the current study cannot rule out potential cohort effects in the sample. 

Future longitudinal studies will provide clarification regarding ageing-related 
changes in the haemodynamic response during this task. 

 
 
11.10 Conclusions 
 

fNIRS is a well-tolerated neuroimaging modality, that provides a new 
approach for measuring cortical function in adults with DS.  

 
In combination with a novel computerised picture-based Stroop task, fNIRS 

measurements in the left inferior frontal cortex show sensitivity to ageing-
related reductions in activation in adults with DS, and behavioural results 

from the same task suggest potential sensitivity to decline associated with 

the early stages of dementia in this population.   
 

The work submitted in this thesis offers a foundation on which to build a new 
field of optical imaging for improving our understanding of brain function in 

populations with neurodevelopmental disorders. This work supports a 
growing body of research that is harnessing the use of optical imaging 

methods for studying cognitive development and decline. fNIRS has potential 
utility for monitoring responses to pharmacological and psychological 

interventions, for developing easily obtained neuroimaging biomarkers, and 
for improving our understanding of how the brain works in increasingly 

naturalistic environments.  

 
  



11 Discussion 

 
 421 

11.11 Future Directions 
 

The preliminary steps taken in this thesis offer multiple options for continued 

research. I have secured a 12-month fellowship to begin extending these 
findings, and intend to apply for longer-term financial support to develop 

further research programmes using fNIRS in individuals with DS and other 
neurodevelopmental disorders. 

 
In the first instance, an additional group of adults with DS will be recruited to 

increase the sample size for the Stroop task. Adults with and without 
diagnosed dementia will be recruited, to examine sensitivity to AD-related 

decline. A future fellowship would measure longitudinal change in the same 
individuals using the same Stroop task.  

 

To improve data localisation, and increase the validity of fNIRS 
measurements, it would be extremely valuable to develop DS-specific MRI 

templates. This will be explored in future work.  
 

While the tasks used in the current study were accessible to the majority of 
participants, the final sample included here were slightly higher functioning 

on average than the total LonDownS sample (Startin et al., 2016). Further, 
as individuals begin to show decline in their abilities, these same tasks may 

no longer be suitable. Resting state functional connectivity offers an 
opportunity to examine cortical functioning, in the absence of cognitively-

demanding tasks. Several studies have shown fNIRS to be a suitable 

modality for examining functional connectivity across the cortex (Duan, 
Zhang, & Zhu, 2012; Lu et al., 2010; Wang, Dong, & Niu, 2017). Stable 

network measurements can be acquired with fNIRS within 2.5 minutes, and 
accurate and stable functional connectivity measurements with just 7 

minutes of recording (Wang et al., 2017). Connectivity, measured by both 
structural and functional imaging techniques, is increasingly disturbed in the 

progression of AD (Chhatwal et al., 2013; Sun, Zhu, Niu, & Han, 2016; 
Thomas et al., 2014), suggesting that connectivity related biomarkers could 

be used for tracking AD progression. While the fNIRS system used in the 

current study is limited to just 44-channels, modular, fibreless fNIRS systems 
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are in development and in the very near future, will offer the possibility of 

several hundred channels-worth of data, at multiple depths, covering the 

whole cortex (Chitnis et al., 2016; Hubin Zhao, Austin, & Cooper, 2018).  As 
modular, portable systems become available to other researchers, their 

feasibility for use in adults with DS will be examined.  
 

The development of fibreless fNIRS systems promises many other 
opportunities for neuroimaging in more naturalistic settings (Pinti et al., 

2015).  The large cohort of individuals with DS recruited for cognitive 
research by the LonDownS consortium was achieved, in part, due to 

researchers travelling to participant’s homes to collect data (Startin et al., 
2016). Future recruitment for neuroimaging studies may therefore be 

improved with more portable options.  
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I.   Qualitative Study Information Sheet 
for Participants with DS 

   Easy Read information sheet: Qualitative brain imaging study 
Version 1: 23-01-2015 

 

 
 
 

 
 

1 

 
  

 

 
 
Our names are Sarah, Ros, Carla 
and Erin 
 

 We are doing some research 
 
Research is when we ask people 
questions and do tests to find out 
things 
 

  
We are writing to ask if you would 
like to help us 
 
To help you understand this letter 
you can  
 
ask someone to read it for you 
 
 
 
talk to your carer about it 
 
 
 

Talking about brain imaging in people with 
Down syndrome 
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What is our work about? 
 
 
 
 
 
 
 
 
 

 
 
 
We are finding out about people 
with Down syndrome 
 
 
  
 
 
We want to know what people with 
Down syndrome and their carers 
think about brain imaging 
 
 
 
 
Brain imaging is when we use 
special kinds of machines to look at 
what is happening in the brain 
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Why do we want to see you? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
We want to talk to you 

 
because you have Down syndrome 

 
because you are 16 years old or 
older 
 
This research can make things 
better for people with Down 
syndrome 
 

 
What will happen if you take part? 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 

 
If you agree to take part 
 
We will ask you to talk about brain 
imaging with some other people 
who are doing this study 
 
 
We will film everyone when they 
are talking or record the sound 
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We will have 3 meetings at our 
work 
 
 
Your carer will also come to the 
meetings 
 
 
If you want to you can try out our 
brain imaging machine. You will 
wear a band or cap and watch a 
video or play a game on the 
computer  
 

 
Do you have to take part? 
 
 
 
 
 
 
 
 

 
 
You can tell us Yes if you want to 
take part 
 
 
 
 
 
You can tell us No if you do not 
want to take part 
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Version 1: 23-01-2015 
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If you say no it will not change the 
care you get 
 
 
 
If you decide to take part we will 
ask you to sign a consent form 
 
 
 
 
You can stop taking part at any 
time 
 

 
What happens after you have seen me? 

 
 
 
 
 
 
 

 
 
 
 

 

 
 
If it is OK with you we will 
  

save information about what we 

talk about on our computers 
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Version 1: 23-01-2015 
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Other people can then look at the 
information but they will not know it 
is about you – we will take out your 
name and where you live 
(personal information) before it 
goes on the computer 
 
 
We will give you a small gift to say 
thank you 
 
 
 
We will also give you any travel 
expenses from taking part 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
If you take part in our study 
 
 
 
 
The information we save about you 
will be anonymous – this means it 
will not have your name on it  
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we will not use any information with 
your name and address 

 
 
But we would like to keep your 
name and address on a list 
 
This is so we can contact you if we 
need more information 
 
 
 
or to do more research 
 
 
 

If you want to talk to us 

  
you can phone us 
 
 
or 
 
 
you can email us 
 

Your Name 
27 Your Street 
London 

Your Name 
27 Your Street 
London 
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if you would like to take part in the 
study 
 
 
 
if you have any questions about the 
study 
 
 
 

 
if you are unhappy about 
something 
 

 
 

our phone number is 
 

020 7679 9318 
 
 
our email address is 

 
downsyndrome@ucl.ac.uk 
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If you are unhappy about 
something, you can also talk to 
your local PALS team 
 
 
 

 

 

 
 
 
Thank you for looking at this 

 

 
This research project has been 
reviewed by the UCL Research 
Ethics Committee. They are there 
to make sure you are treated well. 
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II.  Qualitative Study Information 
Sheet for Carers  

   Standard information sheet: Qualitative brain imaging study 
Version 2: 03-03-2015 

  
 

1 

  
      
 
 
 
 
Our names are Rosalyn Hithersay, Sarah Hamburg and Carla Startin.  We are 
researchers working at University College London. We are investigating what people 
with Down syndrome and their carers think about brain imaging research. The study 
is funded by the Biomedical Research Council and the Wellcome Trust and is 
sponsored by University College London. The study has been reviewed by the UCL 
Research Ethics Committee. 
 
What is the importance of the study? 
We know that people with Down syndrome are more likely to develop dementia than 
people who do not have Down syndrome. However, many people with Down 
syndrome have difficulties with the kinds of abilities that may be affected by 
dementia. These include language, memory, attention and task planning skills. Due 
to these existing difficulties, it can sometimes be very hard to investigate changes in 
these skills that may be related to the development of dementia.  
 
One way to look at changes in how someone’s brain is working would be to use 
brain imaging. Brain imaging involves looking at what someone’s brain is doing, 
either while they are resting or while they are doing some kind of task. There are 
several different kinds of brain imaging which look at how the brain works in different 
ways. Some may measure the blood flow in different parts of the brain, or record the 
electrical activity of the brain. The benefits of using brain imaging in people with 
Down syndrome include being able to see what is happening in someone’s brain 
without needing them to answer questions or complete complicated cognitive tasks. 
However, there are many challenges to including people with Down syndrome in 
brain imaging research. For example, some kinds of brain imaging require 
participants to visit a university or hospital and spend long amounts of time staying 
very still while their brain is scanned.  
 
We want to talk to a small group of people with Down syndrome and their carers to 
see what they think and feel about brain imaging. We will talk about newer kinds of 
brain imaging that might be more accessible to people with Down syndrome. We 
would like to hear your ideas about ways that researchers can make their research 
more accessible and acceptable to people with Down syndrome and where 
appropriate, the people who care for them.  
 
The results of this study will help us to plan future research using brain imaging to 
help identify individual differences and changes in brain function in people with Down 
syndrome. Participants in this study will be asked to attend 3 meetings to talk about 
brain imaging with the researchers and a small group of other participants.  
 

Talking about brain imaging in people with 
Down syndrome 
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2 

Who is eligible? 
We are looking for people with Down syndrome aged 18 and older and their carers, 
who both have and have not had experience with any kind of brain imaging before. 
Because we will be talking about brain imaging in small groups, we need participants 
who are able to understand simple questions and give their opinion verbally. 
 
Because we need people to be able to give their own opinions, for this study we can 
only work with people who have capacity to consent for themselves to take part.  
 
What will the study involve? 
Participants in this study will be asked to attend 3 meetings, lasting between 2 and 4 
hours each, to talk about brain imaging with the researchers and a small group of 
other participants. We will film and audio record the discussions so that we can 
analyse what has been said.  If someone is unhappy with being filmed, we could use 
audio recording only, but we must use this to be sure that we can analyse the data 
afterwards.  
 
The first meeting will be an opportunity for all the participants to meet one another. In 
the second meeting, we will think about the barriers that people with Down syndrome 
and their carers may face in relation to participating brain imaging research. In the 
third meeting, we will have the chance to try out a relatively new method of brain 
imaging to see what it feels like – we will then talk about our experiences. In the final 
meeting, we would like to hear your ideas about how we can make brain imaging 
research more accessible and acceptable to people with Down syndrome and their 
carers. We would also like to hear your ideas for materials that we could make to 
help better explain our future work and help people with Down syndrome to take 
part.  
 
Before each meeting, we will send out information about what we want to talk about 
so that everyone has some time to prepare their ideas in their own time. Throughout 
the meetings we may also ask you to fill in short questionnaires about your thoughts.  
 
Participants are welcome to attend as many sessions as they want or are able to 
attend. We will keep discussion groups small, with no more than 6 people included in 
each one, to allow everyone the opportunity to have their say.  
 
We will try to give all participants a chance to try the brain imaging equipment in the 
third session if they want to. This try out session is completely voluntary and you will 
still be very welcome to join the discussions afterwards if you do not want to try the 
equipment.  
 
 
Where will the research take place? 
The research will take place at University College London. We will reimburse any 
travel expenses and provide refreshments on the day. 
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What happens after the meetings? 
We will give all participants a small gift to thank them for their help. Once our 
research is complete, we will write to you to give you a summary of what we found 
and what we plan to do next.  
 
What will happen to the information collected during the study? 
Before we start any discussions, we will ask all participants to respect the privacy of 
the rest of the group by not sharing any information they may obtain with other 
people afterwards. However, as these are group discussions, the researchers cannot 
guarantee full confidentiality for everything that is said.  
 
Video and audio recordings and data collected from the brain imaging equipment will 
be stored on UCL computers, in password protected files, accessible only to the 
research team. Transcripts made of the discussions will not include personally 
identifiable information.  
 
All personal information collected will be confidential and known only to the research 
team. All personal data will be handled in accordance with the Data Protection Act 
1998. Personal data will be password protected and securely held on the UCL IT 
system or locked in a filing cabinet. Access will be restricted to members of the 
research team. Personal data will be stored separately from all other data. Personal 
data will not be disclosed without your consent. However, if there is a serious risk of 
harm to yourself or others, or concerns of neglect or abuse then we will have to 
share this information with the appropriate agencies. This may be without your 
permission. If this happens we would discuss it with you first.  
 
We will publish the results from these studies in academic journals and present them 
at scientific conferences and meetings. No participants will be identifiable from any 
publications arising from the study. 
 
We would like to keep a record of participants’ contact details so that we can contact 
them if we need more information or if we are thinking about doing more research. 
We will keep this information for ten years following the end of the study. 
 
What are the risks and benefits of the study? 
There are few risks to potential participants. 
 
Participants may find it difficult to share their opinions in a group. We will try to give 
everyone the chance to talk when they want to, but no-one will be forced to say 
anything if they would prefer not to.  
 
The kind of imaging we will try out is called functional near infrared spectroscopy, or 
fNIRS. It is safe, non-invasive and uses light to look at changes in blood flow in the 
brain. The equipment can include a kind of cap or elastic band, to attach light 
emitting diodes (LEDs) or optical fibres, to the head. The equipment will then record 
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changes in the blood flow of certain parts of the brain. We will measure people’s 
head to ensure we choose a cap or band of the best size and work carefully to 
ensure any discomfort is kept to a minimum. If at any time the participant does not 
like how the equipment feels, we can remove it. 
 
This study will benefit individuals with Down syndrome and their carers as it will help 
us to plan future research in a way that makes it more accessible and acceptable to 
them.  
 
 
Withdrawing from the study 
If you decide at any time that you want to withdraw from the study, you have the right 
to withdraw and not give a reason. Withdrawing from the study or a decision not to 
take part will not affect any aspects of care for the participant. 
 
 
Advice and complaints 
If you wish to complain, or have any concerns about any aspect of the way the 
participant has been approached or treated by members of staff due to their 
participation in the research, UCL complaints mechanisms are available to you. 
Please ask Rosalyn Hithersay (r.hithersay@ucl.ac.uk, 020 7679 9318) if you would 
like more information on this. In the unlikely event that the participant is harmed by 
taking part in this study, compensation may be available to them. If you suspect that 
the harm is the result of the Sponsor’s (University College London) negligence then 
you may be able to claim compensation. After discussing with Rosalyn Hithersay, 
please make the claim in writing to Andre Strydom (a.strydom@ucl.ac.uk, 020 7679 
9308), who is the Chief Investigator for the research and is based at UCL. The Chief 
Investigator will then pass the claim to the Sponsor’s Insurers, via the Sponsor’s 
office. The participant may have to bear the costs of the legal action initially, and you 
should consult a lawyer about this.  
 
Thank you for taking the time to read this information sheet 
 
 
Please contact us if you have any questions 
 
Details of contact person 
Name:   Rosalyn Hithersay 
Address:  Division of Psychiatry, 
   University College London, 
   Room 3.13 Charles Bell House, 

67-73 Riding House Street, 
London 
W1W 7EJ 

E-mail address: r.hithersay@ucl.ac.uk  
Telephone:   020 7679 9318 
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III.  Qualitative Study Carer Consent 
Form 

  Standard consent form: Qualitative brain imaging study 
Version 1: 30-01-2015 

 

1 

Participant Identification Number: 
 
Please complete this form after you have read the Information Sheet and/or 
listened to an explanation about the research. 
  
Title of Project: Talking about brain imaging in people with Down syndrome 
 
This study has been approved by the UCL Research Ethics Committee (Project ID 
Number): 4166/001 
 
Thank you for your interest in taking part in this research. Before you agree to take 
part, the person organising the research must explain the project to you. 

If you have any questions arising from the Information Sheet or explanation already 
given to you, please ask the researcher before you to decide whether to join in.  You 
will be given a copy of this Consent Form to keep and refer to at any time. 

If you have any questions about the study you can contact Rosalyn Hithersay at 
r.hithersay@ucl.ac.uk or 020 7679 9318 
 
Participant’s Statement  
 
I       
 

• have read the notes written above and the Information Sheet, and understand 
what the study involves. 
 

• understand that the discussions will be filmed and/or audio recorded. This is 
essential for analysing the data.  

 
• understand that there will be an opportunity to try using some brain imaging 

equipment and that this is entirely voluntary. 
 

• Consent to the secure storage of my brain imaging data and understand that 
this will not contain any personally identifiable information. 

 
• understand that if I decide at any time that I no longer wish to take part in this 

project, I can notify the researchers involved and withdraw immediately.  
 

• consent to the processing of my personal information for the purposes of this 
research study. 

 
• understand that such information will be treated as strictly confidential and 

handled in accordance with the provisions of the Data Protection Act 1998. 
 

• agree that the research project named above has been explained to me to my 
satisfaction and I agree to take part in this study. 

 

Signed:         Date: 
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Participant Identification Number: 
 

 
Please cross no       or tick yes       
for each part 

  

  
I have read the 
information 
sheet about the 
research 

  

  
I can understand 
the information 
sheet 
 

  

  
I could ask 
questions if I 
wanted to 
 

  

 

 
I understand 
that it is my 
choice to take 
part in this study 

  

IV.  Qualitative Study Participant 
Consent Form  

Talking about brain imaging in people 
with Down syndrome 
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Please cross no       or tick 
yes       for each part  

  

  
I understand 
that I can say 
no at any time 
if I want to stop 
 

  

  
I understand 
that taking part 
will not change 
the care I get 

  

 

 
I would like to 
talk in the 
group meetings 
 

  

 

You can film 
me while I am 
talking or 
record the 
sound 
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Please cross no     or tick yes       
for each part 

  

 

I agree to wear 
the special band 
and look at the 
computer to see 
what my brain is 
doing 

  

 

 
You can store 
my test results 
on a computer 
 

  

  
You can share 
my test results 
with other 
researchers – 
they will not 
know my name 

  

  
You can get in 
touch with me 
again for more 
research 
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my name my signature 
 
 
 
 
 

 

 date 
 
 
 
 
 

 researcher’s 
name 

researcher’s 
signature 

 
 
 
 
 
 

 

 
 
 
 
 
 
 

date 
 
 
 
 
 
 
 
 

name 
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Schedule 1 – DS Participants 
Talking about brain imaging 

 
Part 1 (45 mins) 

Task Facilitator’s job/script Assistant’s job 
Getting 
started with 
discussion 

Start by thanking the group for taking 
part. Explain that we want to talk about 
research and it’s ok to tell us about 
things that were good or bad.  

Turn recording equipment 
on 
 

Write down names of all 
people in the group & 
where they are sitting 

Developing 
our group 
agreement 
(10 mins max 
participants / 
5 mins max 
for carers) 

Setting the scene for our discussions. 
Start with an example, “Only one person 
talks at a time”. Explain that you will try 
and give everyone a turn to talk, and 
sometimes this might mean asking 
someone to wait for a short time while 
someone else is speaking.  
 
Ask the group what is important to them 
when having a discussion. 

Write the statements up 
on white board/flipchart  
 
Flag up to facilitator if 
they have missed anyone 
who seemed to want to 
say something 
 

Question 1 
10 mins 

“What is research?” 
(prompts if needed) “What do you think 
of when we talk about research?” 

Make notes of key points 
and who said them 
 
Make sure recording 
equipment is working / 
keep note of time keeping 

Question 2 
10 mins 

“Everyone here has taken part in some 
research with us before. Can you tell us 
what was it like?” 
“How did you feel before / during / 
after?” 
 “What did you like/not like about it?” 

Make notes of key points 
and who said them 
 
Make sure recording 
equipment is working / 
keep note of time keeping 

Question 3 
10 mins 

“What is brain imaging?” 
“What do you think of when we talk 
about brain imaging?” 
 
NB – we do not need people’s own 
experiences here – just want to see 
what people know about brain imaging 
already 

Make notes of key points 
and who said them 
 
Make sure recording 
equipment is working / 
keep note of time keeping 

Review 
5 mins 

Reflect on what the group has told you 
already 
 
Sum up what the group understands by 
‘research’ and ‘brain imaging’ in a few 
simple statements – be sure to ask if 
everyone agrees and update/correct if 
not 

Prompt facilitator if 
needed to help them 
remember what the group 
has already said 
 
Write up short statements 
about research/brain 
imaging. 
 
Turn off recording 
equipment 

 

V.  Focus Group Schedules  
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Short presentation (Ros - 10 mins) – different ways of taking pictures of 
the brain 
 
Part 2 (45 mins) 

Question 4 
15 mins 

“We just listened to Ros talking about 
different kinds of brain imaging. Have 
you ever taken part in research that 
used any of these machines?” 
“Can you tell us what was it like/what 
happened?” 
“How did you feel – before/after?” 
“How did the researchers tell you about 
their research?” 
“What was good about the way they 
told you about their research?” 
“What could they have done better?” 

Turn recording equipment 
on 
 
Make notes of key points 
and who said them 
 

Question 5 
5 mins 

“Have any of you been invited to take 
part in some research like this before 
but decided not to take part?” 
“Why did you not want to take part?” 
“What could the researchers change to 
make you want to take part?” 

Make notes of key points 
and who said them 
Make sure recording 
equipment is working / 
keep note of time keeping 

Question 6 
15 mins 

Ask these same questions for EEG, MRI 
and PET imaging (cover all questions 
for each method, then move on to 
next method) 
“How would you feel about taking part 
in research that uses this kind of 
machine?” 
“What would be good about it?” 
“What might you not like?” 
“What would definitely stop you taking 
part?” 
“What would help make it easier for 
you to take part?”  
(Further prompts: taxis, payment for 
taking part, length of time of the visit, 
chance to visit before taking part, 
seeing a video of what will happen, 
talking to someone else who has taken 
part, seeing pictures, having lunch) 
 
Ask the group to vote first on which 
would be the worst one to try then 
which would be the best 

Show flashcards of each 
imaging method when we 
are talking about that one 
 
Make notes of key points 
and who said them 
 
Make sure recording 
equipment is working / 
keep note of time keeping 
 
 
 
 
 
 
 
 
Lay out the flashcards, 
hand out stickers, support 
people to ‘vote’ if needed.  

Review 
10 mins 

Reflect on what the group has told you 
about brain imaging research 
 
Bring together at least 5 of their 
thoughts about things that would make 
it easier for them to take part / that 
would stop them taking part. 
Ask the group to vote for their ‘top 3’ 
things to make it easier/stop them 
taking part. 

Write down all the things 
that would make it easier 
to take part / stop people 
taking part – if possible 
draw a picture/symbol 
that could help explain it 
 
Share out stickers and 
help people read the 
statements they want to 
vote for 
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Schedule 2 – DS Participants 
Talking about brain imaging 

 
• Introduction – Ros 
• fNIRS Presentation – Laura 
• fNIRS demonstration over lunch – Ros and Laura  

 
Part 1 (45 mins) 
 

Task Facilitator’s job/script Assistant’s job 
Getting started 
with discussion 

Start by reintroducing yourselves and 
thanking the group for taking part. Explain 
that we want to talk about the fNIRS 
equipment and it’s ok to tell us about 
things that were good or bad.  

Turn recording 
equipment on 
 

Write down names of 
all people in the group 
& where they are 
sitting 

Developing our 
group 
agreement 
(2-3 mins) 

Setting the scene for our discussions.  
“Last time we met, we had a few ideas 
about how to talk to each other. We said 
we should: 

• Have one person talking at a 
time 

• Share your experiences 
• Talk in a calm way, and 
• Work as a team 

Is everybody still happy with these ideas? 
Is there anything else anyone would like 
to add before we start?” 

Flag up to the 
facilitator if they have 
missed anyone who 
seemed to want to say 
something 
 

Question 1 
5 mins 

“So Laura has just told us about the fNIRS 
machine and some/all of you have had a 
chance to try it. What did you think about 
the machine when Laura was explaining 
it?” 
 
Did you want to try it?  

- Why/Why not? 

Make notes of key 
points and who said 
them 
 
Make sure recording 
equipment is working / 
keep note of time 
keeping 

Question 2 
15 mins 

“What did the machine look like when 
you saw it in real life” 
“How did you feel when you saw it?” 
(If needed – e.g. were you excited, 
interested, scared, nervous?) 
 
What did it feel like when you tried it on? 

- How did you feel about wearing 
it? 

(again if needed - were you excited, 
interested, scared, nervous?) 
 
What was your favourite thing about this 
machine? 
 
What was the worst thing? 

Make notes of key 
points and who said 
them 
 
Make sure recording 
equipment is working / 
keep note of time 
keeping 
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Question 3 
15 mins 

“Last time, we talked about different 
kinds of brain imaging, including EEG, 
MRI and PET.  
 
You told us that there were some things 
you didn’t really like about some of 
these. For the EEG, some of you found 
the cap itchy and uncomfortable and you 
didn’t like the water.  
 
Do you think fNIRS felt better, worse or 
the same as the EEG? 

- Why? 
 
We learned before that EEG can tell us 
about when things are happening in the 
brain, but not where. To look at where 
things are happening we would usually 
use MRI or PET. fNIRS can also tell us a 
little bit about where things are 
happening in the brain. Some of you 
thought the MRI and PET machines were 
a bit scary. Some of you didn’t like the 
idea of lying down and some of you were 
scared of injections. Do you think fNIRS 
would feel better, worse or the same as 
trying an MRI or PET scan? 
- Why? 

Show flashcards of 
different kinds of 
imaging 
 
Make notes of key 
points and who said 
them 
 
Make sure recording 
equipment is working / 
keep note of time 
keeping 

Question 4 
5 mins 

Would you like to be involved with 
research that used fNIRS?  
-why/why not? 

Make notes of key 
points and who said 
them 
 
Make sure recording 
equipment is working / 
keep note of time 
keeping 

Question 5 
5 mins 

Can you think of anything the researchers 
could do to make it easier for you to take 
part in this kind of research? 

Make notes of key 
points and who said 
them 
 
Make sure recording 
equipment is working / 
keep note of time 
keeping 

Review 
2 mins 

Review main points – best/worst things 
about fNIRS, how it compared to other 
imaging methods, what we could do to 
make it easier for people to take part (3 
main ideas) 

Prompt facilitator if 
needed to help them 
remember what the 
group has already said 
 
Turn off recording 
equipment 

Part 2 (60 mins) – Making our research more accessible 
 

Intro Now we want to talk to you about how to 
include people with Down syndrome in 
brain imaging research and how to make 

Make notes of key 
points and who said 
them 



Appendices 

 

  472 

good materials to help people with Down 
syndrome understand our research. 
 
We want your help to make sure we are 
doing the best we can to make our work 
good for our participants. Because we want 
to get better at working with people with 
Down syndrome, it will help us if you tell us 
about both your good and bad experiences 
of research. We will use your ideas to help 
make research better in the future. 

Question 1 
10 mins 

Everyone here has been involved in some 
research before. First of all, we would like 
you to think about any research projects 
that you have already helped with.  
 
Can you think of anything really good that 
the researchers you saw before did or said 
to help explain their work? 
 
Can you think of anything really good that 
the researchers did or said to make it easier 
for you to take part? 
 
Can you tell us about anything that you 
didn’t like when you took part in research 
before?  
- Was there anything the researchers did 

or said that was not very good? 

Make sure recording 
equipment is 
working / keep note 
of time keeping 

Question 2 
5 mins 

Now we want to think just about brain 
imaging research.  
 
If we were going to invite you to do some 
brain imaging research, what kind of 
information would you like us to send you? 
 
Would you prefer us to contact you/you 
carer? By phone/email/letter? 

Make notes of key 
points and who said 
them 
Make sure recording 
equipment is 
working / keep note 
of time keeping 

5 mins Can you remember the kind of information 
that we sent you before you took part in 
this research? 
- What was it like? 
- What was good/bad about it? 
- What could be done better? 

Make notes of key 
points and who said 
them 
Make sure recording 
equipment is 
working / keep note 
of time keeping 

Question 3 
10 mins 

Now we are going to look at the information 
sheets together that we made for this 
talking about brain imaging research.  
 
What do you think about our information 
sheets? 
What are the best/worst things about 
them?  
- Is there anything we could change? 
- Was there anything else you would 

have liked to have information about?  

Show info sheets 
 
Make notes of key 
points and who said 
them 
 
Make sure recording 
equipment is 
working / keep note 
of time keeping  
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Question 5 
15 mins 

Last time we met, some of you said you 
liked the idea of having a video to explain 
our research.  
 
We are going to look at one that some other 
people have made now (show Cambridge 
video).  
 
What did you think about their video?  
What were the best/ worst things about this 
video? Is there anything else you would 
have liked to see? 
 
Would it make you want to go and take part 
in their study? 
-why/why not? 

Set up Cambridge 
YouTube video 

Question 5 
15 mins 

Have any of you looked at the LonDownS 
website? 
If yes -  
- Can you remember what it was like? 
- What did you think about it? 
- Did you find the information you 

wanted? 
- What are the best/worst things about 

it? 
-  What could we do to make it better? 
 
For those that have not seen it, do you ever 
use the internet? Would you go to the 
internet to find out information about 
things normally? 
 
Time dependent - ( bring website up on 
laptop/desktop). We are now going to have 
a quick look at the website together. What 
do you think about the way it looks? Do you 
think it seems easy or difficult to use? What 
could we do to make it better?   

Make notes of key 
points and who said 
them 
 
Make sure recording 
equipment is 
working / keep note 
of time keeping 
 
 
 
 
 
 
 
Bring up website on 
laptop/desktop 

Review Go over main points from each question. 
Thank everyone for taking part and say that 
we will send out a report about what we 
find later this year.  
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VI.  fNIRS Information Sheet: BORL 

 
 

 

Information Sheet for Participants in Research Studies 
You will be given a copy of this information sheet. 

Title of Project:   Using functional near infrared spectroscopy to investigate executive 
functioning: a pilot study 

This study has been approved by the UCL Research 
Ethics Committee [Project ID Number]: 1133/001  

Name, Address and Contact Details of 
Investigators: 

 
Rosalyn Hithersay 
UCL Division of Psychiatry 
6th Floor, Maple House 
149 Tottenham Court Road, 
London W1T 7NF 
r.hithersay@ucl.ac.uk 
020 7679 9318 

 
We would like to invite you to participate in this research project. You should only participate if you want 
to; choosing not to take part will not disadvantage you in any way. Before you decide whether you want to 
take part, it is important for you to read the following information carefully and discuss it with others if you 
wish. Ask us if there is anything that is not clear or you would like more information.  
 
The aim of this project is to see whether we can use functional near infrared spectroscopy (fNIRS) to 
robustly identify differences in brain activity related to tasks that measure attention and executive 
functions.  Executive functions incorporate the processes involved in controlling attention and behaviour.  
 
fNIRS is a non-invasive brain imaging technique that uses near infrared light to look at blood flow in the 
brain. If you decide to take part, you will be required to wear an fNIRS cap while completing some simple 
speaking games and games on a computer.  
 
The fNIRS cap will have lights and detectors fitted to it. To fit the lights and detectors correctly, we will 
measure your head and choose the correct sized cap for you. It can take some time to ensure the lights 
and detectors are fitted well and recording properly. Sometimes we may need to move your hair out of the 
way. We would expect the whole experiment to last around 1 hour.  
 
This pilot study is part of a longer-term project that will investigate whether fNIRS can be used to identify 
differences in brain activity that may predict cognitive decline. By taking part in this pilot work, you are 
helping us check that our paradigms work as we want them to and that our fNIRS caps are well designed.  
 
It is up to you to decide whether or not to take part. If you choose not to participate it will involve no 
penalty or loss of benefits to which you are otherwise entitled. If you decide to take part you will be given 
this information sheet to keep and be asked to sign a consent form. If you decide to take part you are still 
free to withdraw at any time and without giving a reason.  
 
All data will be collected and stored in accordance with the Data Protection Act 1998. 

 
Researcher Notes, Optional Clauses: 

§ If you do decide to take part, please let us know beforehand if you have been involved in any 
other study during the last year. 

§ A decision to withdraw at any time, or decision not to take part, will not affect the standard of care 
you receive. 
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VII.  fNIRS Consent Form: BORL  

 
 

 

Informed Consent Form for Participants in Research Studies 
(This form is to be completed independently by the participant after reading the Information Sheet and/or having 
listened to an explanation about the research.) 
 

Title of Project:   Using functional near infrared spectroscopy to investigate executive 
functioning: a pilot study 

This study has been approved by the UCL Research 
Ethics Committee [Project ID Number]: 1133/001  

 

 
Participant’s Statement 

I  …………………………………………...................................... 
agree that I have 
 
§ read the information sheet and/or the project has been explained to me orally; 

§ had the opportunity to ask questions and discuss the study; 

§ received satisfactory answers to all my questions or have been advised of an individual to contact for 
answers to pertinent questions about the research and my rights as a participant and whom to 
contact in the event of a research-related injury. 

 
I understand that I am free to withdraw from the study without penalty if I so wish and I consent to the 
processing of my personal information for the purposes of this study only and that it will not be used for 
any other purpose. I understand that such information will be treated as strictly confidential and handled 
in accordance with the provisions of the Data Protection Act 1998. 
 

 Signed: Date: 

 
Investigator’s Statement 

I  …………………………………………………………………….. 

confirm that I have carefully explained the purpose of the study to the participant and outlined any 
reasonably foreseeable risks or benefits (where applicable).  
 

 Signed: Date: 
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VIII.  fNIRS Easy Read Information 
Sheet 

  Participant information sheet fNIRS v2b 06/07/2016 
 

 
 
 

 
 

1 

 
  

 
  

 
Our names are Carla and Ros  
 
 

  
We are doing some research 
 
Research is when we ask people 
questions and do tests to find out 
things 

  
We are writing to ask if you would like 
to help us 
 
 
 
To help you understand this letter you 
can ask someone to read it for you 
 
 
 
 
or you can talk to your carer about it 
 
 
 

A study about how parts of the brain work in 
people with Down syndrome 

 



Appendices 

 

 
 477 

  

  Participant information sheet fNIRS v2b 06/07/2016 
 

 
 
 

 
 

2 

 
What is our work about? 
  

 
 
We are finding out about people 
with Down syndrome 
 
 
  
 
We want to find out how different 
parts of the brain work in people with 
Down syndrome 
 
 
 
 
We want to find out about differences 
between people with Down syndrome 

 
 
 
 

 
 
We want to find out possible reasons 
for this 
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  Participant information sheet fNIRS v2b 06/07/2016 
 

 
 
 

 
 

3 

 
Why do we want to see you? 
  

We want to talk to you 
 

because you have Down syndrome 
 

because you are 16 years old or older 
 
 

 
 
This research can make things better 
for people with Down syndrome 

 
What will happen if you take part? 

            
              
          
 
 
 
 
 
 

 
If you agree to take part we will put a 
special cap on your head to look at 
what your brain is doing 
 
 
 
You will play some games on our 
computer 
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  Participant information sheet fNIRS v2b 06/07/2016 
 

 
 
 

 
 

4 

 

 
 
 
 
  
 

 
 
We will take a video of you while you 
are doing some of the games 
 
 
 
 
 
The meeting will last for about 2 
hours 

 
 

 
 
 
We will meet at our office in London 
 
 
 
 
 
 
Your carer or support worker will also 
come to the meeting 
 
 
 
 

    2 hours 
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  Participant information sheet fNIRS v2b 06/07/2016 
 

 
 
 

 
 

5 

 
Do you have to take part? 

 
 
 
 
 
 
 

 

 
 
You can tell us Yes if you want to 
take part 
 
 
 
 
 
 
 
You can tell us No if you do not want 
to take part 

 
 

 
 
 

 
 
 
If you say no it will not change the 
care you get 
 
 
 
 
If you decide to take part, we will ask 
you to sign a consent form 
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  Participant information sheet fNIRS v2b 06/07/2016 
 

 
 
 

 
 

6 

 

 
 
 
You can stop taking part at any time 
 
 
 

 
What happens after you have seen me? 

 

 
 
If it is OK with you we will 
  

 

 

tell your doctor about the tests we did 
 
 
 
 
tell your care team about the tests we 
did 
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  Participant information sheet fNIRS v2b 06/07/2016 
 

 
 
 

 
 

7 

 
 
We will put your test results on a 
computer 
other people can then look at the 
information 
 

 
 
 

But they will not know it is about you 
– we will take out your name and 
where you live (personal 
information) before it goes on the 
computer 
 
 
 
 
 
We will give you a small gift to say 
thank you 
 
We will also pay for your travel 
expenses from taking part 
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  Participant information sheet fNIRS v2b 06/07/2016 
 

 
 
 

 
 

8 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 

 
 
If you take part in our study 
 
 
 
 
 
 
 
the information you give will be 
confidential – this means private 
 
 
 
 
 
 
 
We might have to tell someone if we 
are worried about your health or care 
at all though 
 
we will not talk to anyone else about 
you without asking you first 
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  Participant information sheet fNIRS v2b 06/07/2016 
 

 
 
 

 
 

9 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
we will not share any information with 
your name and address 
 
 
 
 
 
But we would like to keep your name 
and address on a list 
 
 
 
This is so we can contact you if we 
need more information 
 
 
 
 
or to do more research 
 
 
 
 

Your Name 
27 Your Street 
London 

name 

Your Name 
27 Your Street 
London 
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  Participant information sheet fNIRS v2b 06/07/2016 
 

 
 
 

 
 

10 

If you want to talk to us 

  
you can phone us 
 
 
or 
 
you can email us 
 
 
 
if you would like to take part in the 
study 
 
 
 
 
if you have any questions about the 
study 
 
 
 

 
or if you are unhappy about 
something 
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  Participant information sheet fNIRS v2b 06/07/2016 
 

 
 
 

 
 

11 

 

 
 
 
our phone number is 
 
020 7679 9318 

 
 
 
      our email address is 

 
r.hithersay@ucl.ac.uk  

 
 
 
If you are unhappy about something, 
you can also talk to your local PALS 
team 
 
 
 

 

This research project has been 
reviewed by the North Wales West 
Research Ethics Committee. They 
are there to make sure you are 
treated well. 
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IX.  fNIRS Consultee Information 
Sheet 

		 Consultee information sheet fNIRS v2 06/07/2016 

1 

  

      
 
My name is Rosalyn Hithersay. I am a researcher working at University College 
London. I am carrying out research to investigate differences in cognitive functions 
(brain functions) in people with Down syndrome. I will also investigate possible 
genetic and biological reasons for these differences. The study is funded by the 
Wellcome Trust, the Baily Thomas Charitable Fund and the Jérôme Lejeune 
Foundation and is sponsored by University College London. The study has been 
reviewed by the North Wales West Research Ethics Committee. 

 

What is the importance of the study? 

People with Down syndrome often differ between one another in their cognitive 
abilities. These abilities include attention, task planning, memory, language, and co-
ordination of movements. Alzheimer’s disease occurs more often in individuals with 
Down syndrome compared to other individuals. Differences in brain activity may help 
to explain these differences in individuals with Down syndrome. This may also 
explain why some people with Down syndrome develop Alzheimer’s disease while 
others do not. 

We are collecting data from a large number of individuals with Down syndrome to 
investigate brain activity and help to explain these individual differences. This may 
also help us understand why some people with Down syndrome develop Alzheimer’s 
disease and others do not. The results of these studies will hopefully improve the 
care and treatment of individuals with Down syndrome, and may also help to develop 
new treatments for Alzheimer’s disease. 

Participants in this study will be asked if we can place a special cap on their head for 
us to look at their brain activity. This cap contains lights and sensors that can 
measure blood flow in the brain. This kind of brain imaging is called ‘functional near 
infrared spectroscopy’ or ‘fNIRS’. We will ask participants to sit as still as possible 
while we record their brain activity. These studies will help us to understand whether 
differences in brain activity can explain the differences in abilities and the 
development of Alzheimer’s disease in individuals with Down syndrome. 

 

Who is eligible? 

We are looking for people with Down syndrome, aged 16 and older. Participants will 
need to be able to understand simple instructions, speak in simple phrases and 
press buttons in response to pictures. We will include people who have stable and 
treated mental or physical health problems. We will not be able to include people 

A study about how parts of the brain work in 
people with Down syndrome	
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		 Consultee information sheet fNIRS v2 06/07/2016 

2 

who are currently affected by an acute illness, but they will be welcome to take part 
when they are better. 

We will include people who cannot consent themselves. If someone lacks 
capacity, we have to seek an opinion from a family member or carer (personal 
or nominated consultee). 

 

What will the study involve? 

Participants will take part in an assessment that will last around 2 hours. We will ask 
participants to complete some tests of their cognitive abilities and will ask their carer 
about any changes that may have taken place. We will then measure the 
participant’s brain activity while they play games on a computer. This part will last 
around 40 minutes.  We will film participants while they are playing these games to 
look at their responses in more detail.  

Relatives or carers are welcome to be present during the assessment. 

 

Where will assessments be done? 

The assessment will take place at University College London. We will reimburse any 
travel expenses for participants and carers. We will arrange the assessment at a 
time that is convenient for the participants. 

 

What happens after the assessment? 

We will give participants a small gift to say thank you for their help. We will tell the 
participant’s GP they have taken part in the study. We will also pass on details of the 
assessments given and results to the participants’ GP, if requested. 

 

What will happen if we notice anything unusual? 

If we notice anything that may be of clinical significance, we will let the care team or 
GP know. They can then take the appropriate action. 

 

What will happen to the information collected during the study? 

All personal information and any information we obtain from our studies will be 
completely confidential and known only to the research team. All of the results from 
the study will be stored on a database and videos will be stored on UCL’s secure 
server. These will be anonymised (i.e. personal information about participants will 
not be stored with any data collected about them). The results may be sent to other 
researchers or shared with other researchers (these will be anonymised). All 
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3 

personal data will be handled in accordance with the Data Protection Act 1998. 
Personal data will be password protected and securely held on the UCL IT system or 
locked in a filing cabinet. Access will be restricted to members of the research team. 
Personal data will be stored separately from all other data. Personal data will not be 
disclosed without the consent of the participant (or advice from the consultee if the 
participant cannot consent). However, if there is a serious risk of harm to the 
participant, yourself or others, or concerns for the neglect or abuse of the participant, 
then we will have to share this information with the appropriate agencies. This may 
be without your or the participant’s permission. If this happens we would discuss it 
with you and the participant first. If there are health concerns, the participant’s care 
team or GP may also need to be informed. If this happens we would also discuss it 
with you and the participant first. 

Anonymised paper records will be stored securely within the Faculty of Brain 
Sciences at University College London. The anonymised brain activity data and 
recordings will be entered into an electronic database held within the Faculty of Brain 
Sciences at University College London. Research data will be stored for 20 years 
following the end of the study, following UCL regulations. 

Analysis of the results of the assessment will be performed within University College 
London. All results will be anonymised, and the anonymisation codes will be 
accessible only to members of the research team. These will be held securely. 
Anonymised data may be shared with other research groups who are conducting 
research in the field of learning disabilities. 

We will publish the results from these studies in academic journals, and present 
them at scientific conferences and meetings. In addition, we will keep the 
participants informed about how the study is progressing via a regular newsletter. No 
participants will be identifiable from any publications arising from the study. 

We would like to keep a record of participants’ contact details so that we can contact 
them if we need more information or if we are thinking about doing more research. 
We will keep this information for ten years following the end of the study. 

 

What are the risks and benefits of the study? 

There are few risks to potential participants. 

Participants are required to sit as still as possible during the recording of brain 
activity. This may be uncomfortable. To minimise any discomfort felt this recording 
will only last for around forty minutes and there will be breaks during the recording. 

This study will benefit individuals with Down syndrome as it will increase knowledge 
about reasons for differences in those with Down syndrome. This study may also 
help us to understand how Alzheimer’s disease develops. This may lead to better 
care and treatment of individuals with Down syndrome or Alzheimer’s disease in the 
future. 
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		 Consultee information sheet fNIRS v2 06/07/2016 

4 

In addition, we will be able to use the brain activity recordings as a baseline to 
measure future changes against. If requested, we will be happy to share these 
results with the participant’s GP or care team. 

 

Withdrawing from the study 

If you decide at any time the participant should withdraw from the study, you have 
the right to withdraw them and not give a reason. Withdrawing from the study or a 
decision not to take part will not affect any aspects of care for the participant. 

 

Advice and complaints 

If you wish to complain, or have any concerns about any aspect of the way the 
participant has been approached or treated by members of staff due to their 
participation in the research, National Health Service (if they were recruited via the 
NHS) or UCL complaints mechanisms are available to you. Please ask Rosalyn 
Hithersay (r.hithersay@ucl.ac.uk, 020 7679 9318) if you would like more information 
on this. In the unlikely event that the participant is harmed by taking part in this 
study, compensation may be available to them. If you suspect that the harm is the 
result of the Sponsor’s (University College London) or the hospital's negligence then 
you may be able to claim compensation. After discussing with Rosalyn Hithersay, 
please make the claim in writing to Andre Strydom (a.strydom@ucl.ac.uk, 020 7679 
9308), who is the Chief Investigator for the research and is based at UCL. The Chief 
Investigator will then pass the claim to the Sponsor’s Insurers, via the Sponsor’s 
office. The participant may have to bear the costs of the legal action initially, and you 
should consult a lawyer about this. NHS Indemnity does not offer no-fault 
compensation i.e. for non-negligent harm, and NHS bodies are unable to agree in 
advance to pay compensation for non-negligent harm. 

 

Thank you for taking the time to read this information sheet 

Please contact me if you have any questions 

Details of contact person 

Name:   Rosalyn Hithersay 

Address:  UCL Division of Psychiatry 
   6th Floor, Maple House,  

149 Tottenham Court Road,  
London W1T 7NF 

E-mail address: r.hithersay@ucl.ac.uk  

Telephone:   020 7679 9318 
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X.  fNIRS Easy Read Consent Form 

   Participant consent form fNIRS v2b 27/10/2016 
 

1 
 

 
 
 
 

Participant Identification Number: 
 

 
Please cross no       or tick yes       for 
each part 

  

  
I have read the 
information sheet 
about the research 
 
 

  

  
 
I can understand the 
information sheet 
 
 

  

  
 
I could ask questions 
if I wanted to 
 
 

  

 

 
I understand that it is 
my choice to take 
part in this study 
 

  

A study about how parts of the brain work in 
people with Down syndrome 
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   Participant consent form fNIRS v2b 27/10/2016 
 

2 
 

 

 
Please cross no       or tick yes       for 
each part  

 

 

  
 
I understand that I 
can say no at any 
time if I want to stop 
 
 

  

  
I understand that 
taking part will not 
change the care I get 
 
 

  

  
You can put a special 
cap on my head to 
look at what my brain 
is doing 

  

 

 
I agree to play the 
games on the 
computer 
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   Participant consent form fNIRS v2b 27/10/2016 
 

3 
 

 
Please cross no       or tick yes       
for each part 

  

 

 
You can make a video 
of me while I do the 
games 

  

 

 
 
You can store my test 
results and videos on 
a computer 
 
 

  

  
You can share my 
test results with other 
researchers – they 
will not know my 
name 
 

  

 
You can share my 
test results with my 
doctor and tell them I 
took part in the study 
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   Participant consent form fNIRS v2b 27/10/2016 
 

4 
 

 
Please cross no       or tick yes       
for each part 

  

  
You can get in touch 
with me again for 
more tests 

 

  

 

You can share my 
test results with my 
care team 
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   Participant consent form fNIRS v2b 27/10/2016 
 

5 
 

 

 
 
 
 
 
 
 
 
 

my name my signature 
 
 
 
 
 

 

 date 
 
 
 
 
 

 researcher’s 
name 

researcher’s 
signature 

 
 
 
 
 
 

 

 
 
 
 
 
 
 

date 
 
 
 
 
 
 
 
 

name 
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XI.  fNIRS Consultee Consent Form  

		 Consultee consent form fNIRS v2a 06/07/2016 

1 

 

 
 
 

Participant Identification Number: 

 

As someone who knows __________________________ (person’s name) 
well/in an independent capacity, you are being invited to consider whether 
_____________ (person’s name) would want to participate in the research 
study based on your knowledge of him/her. 

We ask you to be a consultee because ______________ (person’s name) is 
unable to understand the information provided in the information sheet or is 
unable to make independent decisions and communicate them. 

It is up to you to decide whether or not they would want to take part based on 
your knowledge of the person and the information you have been given. Be 
reassured that even if you decide that they can take part, he/she is still free to 
withdraw at any time and without giving a reason. A decision to withdraw at 
any time, or a decision not to take part, will not affect any aspects of their care. 

 

This project has been approved by the North Wales West Research Ethics 
Committee, and is funded by the Wellcome Trust, the Baily Thomas Charitable Fund 
and the Jérôme Lejeune Foundation. 

 

If you have any questions about the study you can contact Rosalyn Hithersay at 
r.hithersay@ucl.ac.uk or 020 7679 9318. 

 

 
 

 

 

 

 

A study about how parts of the brain work in 
people with Down syndrome	
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		 Consultee consent form fNIRS v2a 06/07/2016 

2 

 Please initial if you 
agree 

I have read the information sheet about the research. I have 
had a chance to ask questions and talk about this study. I 
have received enough information about this study and I 
understand what the study will involve. 

 

I confirm that I have agreed to act as a consultee for the 
above named person. I understand that my role as 
consultee is to advise the research team as to the above 
named persons' likely wishes and feelings in relation to 
entering the study. 

 

I understand that the participant can stop taking part in this 
study at any time and does not have to give a reason. I 
understand that participation in the study will not change 
the care that the participant receives. 

 

I understand that some of the participant’s personal 
information will be processed during this study, and such 
information will be stored securely, treated as strictly 
confidential and handled in accordance with the provisions 
of the Data Protection Act 1998. 

 

I understand that the data collected during this study will be 
a part of scientific publications. Confidentiality and 
anonymity will be maintained for such publications, and it 
will not be possible to identify the participant from any 
publications. 

 

I understand that the research team may contact them in 
the future to participate in follow up studies. Any information 
collected in the present study may be used in follow up 
studies. 

 

 

Are you aware of any advance directives that may be 
relevant to participation in this research? 

If yes, please detail further: 

 

 

Yes/No 
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 Please initial if you 
agree 

It is appropriate for ______________ to participate in this 

study 

 

It is appropriate for ______________ to complete tests and 

games that will assess their cognitive abilities 

 

It is appropriate for ______________ to wear the fNIRS cap 

and have their brain activity measured 

 

It is appropriate for _____________ to be filmed while 

playing the computer games 

 

I agree that their test results can be stored on a database.   

I agree that their video can be stored on UCL’s secure 

server 

 

I agree that their test results can be shared with other 

researchers, including publically accessible databases 

(these will be anonymised) 

 

It is appropriate for the researcher to discuss __________ 

with their care team 

 

It is appropriate for the researcher to inform their GP about 

their inclusion in the study and to potentially send their GP 

a summary of the findings 

 

It is appropriate for the researcher to get in touch with them 

again if they need to 

 

 

Any further comments or preferences from the consultee: 
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Signed:      Name in block capitals: 

 

 

Date:      Relationship to participant: 

 

 

 

 

 

 

Researcher’s signature:    Name in block capitals: 

 

 

Date: 


