
 

 

 

 

 

THE DEVELOPMENT OF EXECUTIVE FUNCTIONS AND 

INFORMATION PROCESSING SPEEDS IN TODDLERS 

BORN PRETERM  

 

Kayleigh Lauren Day 

 

 

 

University College London 

 

A thesis submitted for the degree of  

Doctor of Philosophy (PhD) 

September 2017



Declaration 

 

I, Kayleigh Lauren Day confirm that the work presented in this thesis is my own. 

Where information has been derived from other sources, I confirm that this has 

been indicated in the thesis. 

 

Signed: 

Date: 

 

 

 

  

Supervisors 

Dr Michelle de Haan 

 

Professor Neil Marlow 

 



Abstract 

Cognitive impairments are commonly reported in children born preterm, with 

particular difficulties in executive functions, information processing and attention. 

Yet, children that later present with mild to moderate impairments are typically 

missed in earlier standard developmental assessments. The current longitudinal 

investigation explores the development of executive function, information 

processing and attentional abilities in very preterm (<32 weeks of gestation) and 

term-born children at 3, 6, 12 and 30 months of age, corrected for prematurity. 

Performances on established paradigms assessing these cognitive abilities were also 

compared to the cognitive composite scores of the Bayley Scales of Infant and 

Toddler Development (third edition) at 12 months and 2 years of age.  

Very preterm (n = 50) and term-born (n = 81) children were assessed in a 

multifaceted battery of behavioural, eye-tracking and event related potential tasks, 

to formulate a detailed understanding of developmental trajectories for executive 

functions, information processing and attention.  

Overall, cohort performances were not differentiated within the first year and 

measures of attention were comparable for both groups over the two years. 

However, executive function and information processing differences were observed 

within the very preterm children during the second year assessments. These 

difficulties were independent of global cognitive performance, and variation on the 

executive function, information processing and attentional measures was poorly 

reflected in the Bayley-III cognitive scores at 2 years.  

In conclusion, very preterm children display difficulties predominantly in executive 

function abilities by 2 years of age, independent of global cognitive scores. Longer-

term follow-up of this cohort will highlight any links between these early deficits 

and later academic and social outcomes, and can aid in the development of tools 

for earlier identification of adverse cognitive outcomes in very preterm populations. 



Acknowledgments 

First and foremost, I would like to express my upmost gratitude to my two supervisors, Dr 

Michelle de Haan and Prof Neil Marlow, for their continuous support, patience and 

guidance over the past 4 years. I feel incredibly privileged to have had this opportunity to 

work with you both and I want to thank you for all of your motivation, encouragement and 

for the knowledge you have shared over the years. 

This current investigation would not have been possible without the dedication and support 

of all the participating families and children involved. This has been an incredibly enjoyable 

project, and has been wonderful to see each little personality start to emerge over the two 

years. Thank you all!   

To all of my wonderful friends and colleagues that have been part of the Preterm 

Development Project over the years, there are too many of you to name, but to each and 

every one, I thank you for the help and support you have given me personally and to the 

project as a whole. In addition, I would like to thank Deirdre Murray and her team in the 

University of Cork for allowing the use of the Babyscreen application, presented in this 

thesis, and particular thanks to Deirdre Twomey for her time helping with the analysis 

approach for the BabyScreen data. 

To my Mum and Dad, in every decision I make, you are always there to support me. I 

cannot put into words how grateful I am, and I owe my every success to you. And to my 

sisters, Syanne and Aysha, thank you for your motivational phone calls and never failing to 

make me smile. I cannot thank you all enough for your endless support of my studies and 

for being there always. 

Finally, to my Fiancé Tom, without your love, patience, understanding and ability to know 

the right things to say to pull me together when I needed it most, this whole process would 

not have been possible without you. Thank you, you are my rock. 

I wish to express my gratitude to the funders of my PhD, ICH IMPACT studentships and 

Henrietta St George whose generous donation to DǊŜŀǘ hǊƳƻƴŘ {ǘǊŜŜǘ IƻǎǇƛǘŀƭ /ƘƛƭŘǊŜƴΩs 

Charity went towards supporting this project. Without this financial support this research 

would not have been possible. 



5 
 

Table of Contents 

Table of Tables ................................................................................................................................. 9 

Table of Figures .............................................................................................................................. 16 

Chapter 1 Background ............................................................................................................. 22 

1.1 Preterm development ........................................................................................................... 23 

1.1.1 Influence of neonatal factors on cognitive function ......................................................... 28 

1.1.2 Cognitive impairments and later academic achievements in children born preterm ...... 30 

1.1.3 Current clinical practice .................................................................................................... 34 

1.2 Development of Executive function ...................................................................................... 37 

1.2.1 Cognitive flexibility ............................................................................................................ 43 

1.2.2 Working memory .............................................................................................................. 46 

1.2.3 Inhibition ........................................................................................................................... 48 

1.2.4 EF overview ....................................................................................................................... 50 

1.3 Attention .............................................................................................................................. 52 

1.4 Information processing ......................................................................................................... 56 

1.5 Conclusion ............................................................................................................................ 59 

1.6 Research Aims and Objectives .............................................................................................. 61 

1.7 Hypotheses ........................................................................................................................... 62 

1.7.1 Global measures of cognitive, language and motor development ................................... 62 

1.7.2 Executive Functions........................................................................................................... 62 

1.7.3 Attention ........................................................................................................................... 62 

1.7.4 Information processing speed ........................................................................................... 63 

1.7.5 Prediction of global cognitive performance at 12 months and 2 years from earlier 

measures of EF, IP and Attention .................................................................................................... 63 

Chapter 2 Methods .................................................................................................................. 64 

2.1 Preterm Development Project .............................................................................................. 64 

2.1.1 Participant recruitment ..................................................................................................... 66 

2.1.2 Ethical Approval ................................................................................................................ 69 

2.1.3 Primary language of cohort ............................................................................................... 72 

2.1.4 Medical factors .................................................................................................................. 73 



 
 

6 
 

2.2 Assessment Methodology and summary of study paradigms................................................ 73 

2.3 Statistical analyses ................................................................................................................ 77 

Chapter 3 Global Measures of Cognitive, Language and Motor Development ......................... 80 

3.1 Methodology of the Bayley-III ............................................................................................... 82 

3.2 Results .................................................................................................................................. 84 

3.2.1 Bayley-III scores at 12 months of age ............................................................................... 84 

3.2.2 Bayley-III scores at 2 years ................................................................................................ 89 

3.2.3 Longitudinal Bayley-III cognitive scores ............................................................................ 94 

3.2.4 Z-score analysis ................................................................................................................. 97 

3.3 Discussion ............................................................................................................................. 97 

Chapter 4 Executive Functions ............................................................................................... 103 

4.1 Methodologies and procedures .......................................................................................... 107 

4.1.1 Delayed Response Task (DRT) ......................................................................................... 107 

4.1.2 A not B Paradigm (AB task) ............................................................................................. 112 

4.1.3 Dimensional Change Card Sort Task................................................................................ 116 

4.1.4 Longitudinal exploration of EF analyses .......................................................................... 119 

4.2 Results ................................................................................................................................ 120 

4.2.1 DRT at 6 months age ....................................................................................................... 120 

4.2.2 AB task at 12m age .......................................................................................................... 124 

4.2.3 DCCS at 30 months age ................................................................................................... 128 

4.2.4 Longitudinal exploration of EF performance over first and second year assessment .... 134 

4.3 Discussion ........................................................................................................................... 137 

Chapter 5 Attention ............................................................................................................... 144 

5.1 Methods ............................................................................................................................. 147 

5.1.1 Apparatus ........................................................................................................................ 147 

5.1.2 Procedure ........................................................................................................................ 148 

5.1.3 Coding ............................................................................................................................. 152 

5.1.4 Analysis ........................................................................................................................... 152 

5.2 Results ς cross-sectional data ............................................................................................. 154 

5.2.1 6 months ......................................................................................................................... 154 



 
 

7 
 

5.2.2 12 months ....................................................................................................................... 161 

5.2.3 30 months ....................................................................................................................... 167 

5.3 Results ς longitudinal data .................................................................................................. 173 

5.3.1 6 to 12 months ................................................................................................................ 173 

5.3.2 12 to 30 months .............................................................................................................. 179 

5.3.3 6, 12 and 30 months ....................................................................................................... 186 

5.4 Discussion ........................................................................................................................... 200 

Chapter 6 Information Processing ......................................................................................... 205 

6.1 Behavioural processing speeds ........................................................................................... 208 

6.1.1 Methods .......................................................................................................................... 209 

6.1.2 Results ............................................................................................................................. 225 

6.1.3 Discussion of behavioural Information processing measures ......................................... 258 

6.2 Neural Measures: Auditory processing ............................................................................... 265 

6.2.1 Auditory Oddball Paradigm - methods............................................................................ 267 

6.2.2 Results ............................................................................................................................. 274 

6.2.3 Discussion of Neural Information processing measures: Auditory ERP .......................... 285 

Chapter 7 Prediction of global cognitive performance at 12 months and 2 years from earlier 
measures of EF, IP and Attention. ................................................................................................ 290 

7.1 Methodology ...................................................................................................................... 291 

7.2 Results ................................................................................................................................ 292 

7.2.1 Predictive effects of the first year EF, IP and attentional performances on the cognitive 

score of the Bayley-III at 12 months of age ................................................................................... 292 

7.2.2 Predictive effects of the first year EF, IP and attentional performances on the cognitive 

score of the Bayley-III at 2 years of age ......................................................................................... 295 

7.2.3 Predictive effects of the second year EF, IP and attentional performances on the 

cognitive score of the Bayley-III at 2 years .................................................................................... 297 

7.3 Discussion ........................................................................................................................... 300 

7.3.1 Predictive nature of the EF, IP and attentional measures from the first year of the PDP on 

Bayley-III performance variability at 12 months and 2 years ........................................................ 300 

7.3.2 Predictive validity of the experimental measures from the 30 month assessment on the 

Bayley-III performance variability at 24/30 months ...................................................................... 302 

7.4 Concluding comments ......................................................................................................... 304 



 
 

8 
 

Chapter 8 Discussion ............................................................................................................. 306 

8.1 Objective 1:  The exploration of Executive Function, Information Processing speed and 

Attention over the first 2 and a half years .................................................................................... 307 

8.2 Objective 2:  To what extent do Executive Function, Information Processing speed and 

Attention measures from the first year account for the variation in cognitive scores in the Bayley-

III at 12months and 2 years .......................................................................................................... 313 

8.3 Objective 3:  To what extent do Executive Function, Information Processing speed and 

Attention measures from the 30 month assessment account for the variation in cognitive scores in 

the Bayley-III at 2 years ................................................................................................................ 315 

8.4 Clinical implications ............................................................................................................ 317 

8.5 Limitations .......................................................................................................................... 318 

8.6 Future work ........................................................................................................................ 321 

8.7 Concluding remarks ............................................................................................................ 324 

References ................................................................................................................................... 327 

Appendix 1. PDP ethical approval ......................................................................................... 356 

Appendix 2. Ethical Approval ................................................................................................ 375 

Appendix 3. PDP demographics questionnaire ..................................................................... 377 

Appendix 4. Auditory processing .......................................................................................... 386 



 
 

9 
 

Table of Tables 

Table 2-1. Total population demographics for infants included within this thesis. Male sex and 

maternal education reported separately as ratio data; remaining characteristics reported as 

Median and IQR. Maternal education categorised by those with qualifications greater than 

GSCE and those below; the IMD quintiles is the Index of Multiple Deprivation for UK 

postcodes categorised into 5 groups with 1 = least deprived and 5 = most deprived (NPEU, 

2013). .................................................................................................................................... 70 

Table 2-2. Maternal and paternal ethnicity of all infants included within this thesis. ..................... 71 

Table 2-3. Proportion of English spoken within the cohort at 30 month follow-up, detailing the 

predominant language spoken within the home and the percentage of time spoken in 

English. ................................................................................................................................. 72 

Table 2-4. Neonatal characteristic of the infants born very preterm included within this study, 

total, and subdivided into very preterm 27-31+6weeks; and Extremely preterm <27weeks 

gestation. .............................................................................................................................. 73 

Table 2-5. Name and brief description of assessments evaluated within this thesis ....................... 77 

Table 2-6. Summary of questionnaires considered within this thesis. ............................................ 77 

Table 3-1. Population demographics for the cognitive scale on the Bayley-III at 12 months........... 85 

Table 3-2. Neonatal characteristics of the VP infants that completed the cognitive scale on the 

Bayley-III at 12 months. ........................................................................................................ 85 

Table 3-3. 12 month Bayley-III composite scores; *p<.05; **p.01; ***p<.001; ............................... 86 

Table 3-4. Count of infants to score within the clinical range (<85) ................................................ 86 

Table 3-5. Linear regression model with outcome as 12 month cognitive z-scores (F(3, 81) = 5.45, p 

= .001). The base group was set as the term born females with an IMD quintile of 1. ........... 88 

Table 3-6. Population demographics for the cognitive scale on the Bayley-III at 2-2.5 years. ......... 89 

Table 3-7. Neonatal statistics for the VP children that completed the cognitive scale on the Bayley-

III at 2 years. ......................................................................................................................... 89 

Table 3-8. Bayley-III scores at 2 year time point; *p<.05; **p<.01; ***p<.001 ................................ 90 

Table 3-9. Count of children within the clinically significant range of <85 ...................................... 91 

Table 3-10. Linear regression model with outcome as 30 month cognitive z-scores (F(3, 46) = 1.21, p 

= .32). The base group was set as the term born females with an IMD quintile of 1.............. 93 

Table 3-11. Longitudinal population demographics for the cognitive scale on the Bayley-III at 12 

months and 2-2.5 years ......................................................................................................... 94 

Table 3-12. Correlation coefficients between the 12 month and 2 year cognitive Bayley-III scores.94 

Table 3-13. Mixed effects regression model with outcome as cognitive scores over the 12 month 

and 2 year Bayley-III assessments. Only children with both time points were included within 

ǘƘŜ ƳƻŘŜƭΦ ¢ƘŜ ǇǊŜŘƛŎǘƻǊ Ψ!ƎŜΩ ǿŀǎ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ƛƴŘŜȄ ǿƛǘƘƛƴ ǘƘŜ ƳƻŘŜƭΦ ¢ƘŜ ōŀǎŜ ƎǊƻǳǇ 

was set as the 12 month cognitive score for the term born females with an IMD quintile of 1.

 ............................................................................................................................................. 96 



 
 

10 
 

Table 3-14. Cognitive composite and z-scores from the Bayley-III assessment at both 12 and 24/30 

month time points. ............................................................................................................... 97 

Table 4-1. Counterbalanced order for trials in AB paradigm ......................................................... 115 

Table 4-2. Demographic details of infants included in Delayed Response Task analysis. .............. 121 

Table 4-3. Mean proportion of correct trials in Delayed Response Task collapsed across the social 

and non-ǎƻŎƛŀƭ ŎƻƴŘƛǘƛƻƴǎ όǘƻǘŀƭ ŎƻǊǊŜŎǘ ƭƻƻƪǎκǘƻǘŀƭ ǘǊƛŀƭǎ ŎƻƳǇƭŜǘŜŘύΦ aŜŀƴ ƴǳƳōŜǊ ƻŦ ΨǘǊƛŀƭǎ 

ƴƻǘ ƭƻƻƪƛƴƎΩ ŘǳǊƛƴƎ 5w¢ ǿƘŜǊŜ ǘƘŜ ƛƴŦŀƴǘ ŦŀƛƭŜŘ ǘƻ ƭƻƻƪ ǘƻǿŀǊŘǎ ǘƘŜ Ŝǉǳipment during the 

response window. ............................................................................................................... 121 

Table 4-4. Linear regression model looking at the proportion of correct looks in DRT (F(3, 85) = 

3.19, p = .03). SES for one term-born infant missing, therefore this infants data was excluded 

from the model. The constant for the model was coded as term-born females with an IMD 

quintile of 1. ....................................................................................................................... 123 

Table 4-5. Demographic details of infants included in A-not-B paradigm analysis. ....................... 124 

Table 4-6. Proportion of each study group to display the AB errors at each time delay; including the 

proportion of infants to not achieve the criterion in the first instance. ............................... 125 

Table 4-7. Ordinal logistic regression modelling the AB error as the main outcome of the AB 

paradigm; reporting odds ratio with 95% confidence intervals (LR chi2 =2.48, p =.48). The 

baseline for the model was coded as term-born females with an IMD quintile of 1. ........... 127 

Table 4-8. Demographic details of all infants to complete the DCCS paradigm. ............................ 128 

Table 4-9. Highest level passed and total number of correct trials of all participants to complete 

the DCCS paradigm. ............................................................................................................ 129 

Table 4-10. Demographic details of infants included in secondary DCCS paradigm analysis excluding 

infants with low language scores. ....................................................................................... 130 

Table 4-11. Highest level passed and total number of correct trials to during the DCCS paradigm of 

participants within the sub-cohort; excluding those with low language scores. .................. 131 

Table 4-12. Ordinal logistic regression (LR chi2 = 12.42, p = .006), with highest level achieved 

defined as the primary outcome for the DCCS; reporting odds ratio with 95% confidence 

intervals. The baseline for the model was coded as term-born females with an IMD quintile 

of 1. .................................................................................................................................... 132 

Table 4-13. Ordinal logistic regression (LR chi2 = 16.15, p = .003) with highest level achieved during 

DCCS as the outcome and including the additional adjustment of the 2 years z-score; 

reporting odds ratio with 95% confidence intervals. The baseline for the model was coded as 

term-born females with an IMD quintile of 1. ..................................................................... 133 

Table 4-14. Demographic details of all infants to complete all EF paradigms and included in 

longitudinal analysis. .......................................................................................................... 134 

Table 4-15. Ordinal logistic regression (LR chi2 = 14.64, p = .01) with highest level achieved during 

DCCS as the dependent variable and including the additional adjustment of the total 

proportion correct in DRT and time to AB error in AB task; reporting odds ratio with 95% 



 
 

11 
 

confidence intervals. The baseline for the model was coded as term-born females with an 

IMD quintile of 1. ................................................................................................................ 135 

Table 4-16. Ordinal logistic regression (LR chi2 = 15.69, p = .02) with highest level achieved during 

DCCS as the dependent variable, and including the additional adjustment of the total 

proportion correct in DRT, time to AB error in AB task, and 2 years z-score; reporting odds 

ratio with 95% confidence intervals. The baseline for the model was coded as term-born 

females with an IMD quintile of 1. ...................................................................................... 136 

Table 5-1. Demographic details of infants in Gap-overlap task at 6 month assessment. .............. 155 

Table 5-2. Response times (ms) to each condition of the Gap-Overlap task and the total number of 

trials where disengagement from the central stimulus did not occur during the 6 month 

assessment by study group. ................................................................................................ 156 

Table 5-3. Linear regression model of disengagement RT during the 6 month GAP task (F(3,54) = 

1.05, p = .38). The baseline group are term-born females with an IMD quintile of 1. .......... 159 

Table 5-4 Linear regression model of disengagement RT during the 6 month GAP task including the 

adjustment of the 12m Bayley-III z-score (F(4, 44) = 1.62, p = .17). The baseline group are 

term-born females with an IMD quintile of 1. ..................................................................... 160 

Table 5-5. Demographic details of infants in Gap-overlap task at 12 month assessment. ............ 161 

Table 5-6. Response times (ms) to each condition of the Gap-Overlap task and the total number of 

trials where disengagement from the central stimulus did not occur during the 12 month 

assessment by study group. ................................................................................................ 162 

Table 5-7. Linear regression model of disengagement RT during the 12 month GAP task (F(3, 50) = 

1.55, p = .21). The baseline group are term-born females with an IMD quintile of 1. .......... 165 

Table 5-8 Linear regression model of disengagement RT during the 12 month GAP task including 

the adjustment of the 12m Bayley-III z-score (F(3, 50) = 1.55, p = .21). The baseline group are 

term-born females with an IMD quintile of 1. ..................................................................... 166 

Table 5-9. Demographic details of infants in Gap-overlap task at 30 month assessment. ............ 167 

Table 5-10. Response times (ms) to each condition of the Gap-Overlap task and the total number 

of trials where disengagement from the central stimulus did not occur during the 30 month 

assessment by study group. ................................................................................................ 168 

Table 5-11. Linear regression model of disengagement RT during the 30 month GAP task (F(3, 26) = 

2.00, p = .14). The baseline group are term-born females with an IMD quintile of 1. .......... 171 

Table 5-12 Linear regression model of disengagement RT during the 30 month GAP task including 

the adjustment of the 30m Bayley-III z-score (F(4, 20) = 4.31, p = .01) . The baseline group are 

term-born females with an IMD quintile of 1. ..................................................................... 172 

Table 5-13. Demographic details of infants in Gap-overlap task at 6 and 12 months of age. ........ 173 

Table 5-14. Response time to disengage (ms) and speed of gaze shift for gap-effect in the Gap-

Overlap task at 6 and 12 months, including mean difference in response across the two time 

points. ................................................................................................................................. 174 



 
 

12 
 

Table 5-15. Multi-level mixed effects regression model of disengagement RT across 6 and 12 

month assessment including the adjustment of the 12m Bayley-III z-score. The baseline 

group are term-born females at 6 months with an IMD quintile of 1. ................................. 177 

Table 5-16. Multi-level mixed effects regression model of gap-effect across 6 and 12 month 

assessment including the adjustment of the 12m Bayley-III z-score. The baseline group are 

term-born females at 6 months with an IMD quintile of 1. ................................................. 178 

Table 5-17. Demographic details of infants in Gap-overlap task at 12 and 30 months of age. ...... 179 

Table 5-18. Mean and SDs of disengagement RTs and gap-effect variables across the 12 and 30m 

assessment ages within the two groups; *p<.05; **p<.01; ***pҖ.001 ................................ 180 

Table 5-19. Multi-level fixed effects regression model of disengagement RT across the 12 and 30 

month assessments including the adjustment of the 30m Bayley-III z-score. The baseline 

group are term-born females at 12 months with an IMD quintile of 1. ............................... 184 

Table 5-20 Multi-level mixed effects regression model of gap-effect RT across 12 and 30 month 

assessment including the adjustment of the 12m Bayley-III z-score. The baseline group are 

term-born females at 12 months with an IMD quintile of 1. ............................................... 185 

Table 5-21. Demographic details of infants in Gap-overlap task at 6, 12 and 30 months of age. .. 186 

Table 5-22. Mean and SDs of disengagement RTs and gap-effect variables across the 12 and 30m 

assessment ages within the two groups. ............................................................................. 187 

Table 5-23. Multi-level mixed effects regression model of disengagement response time across 6, 

12 and 30 month assessments including the adjustment of the 30m Bayley-III z-score in the 

primary longitudinal sample with infants that had complete 3 time point samples. The 

baseline group are term-born females at 6 months with an IMD quintile of 1. ................... 191 

Table 5-24. Multi-level mixed effects regression model of gap-effect RT across 6, 12 and 30 month 

assessments including the adjustment of the 12m Bayley-III z-score in the primary 

longitudinal sample with infants that had complete 3 time point samples. The baseline group 

are term-born females at 6 months with an IMD quintile of 1. ........................................... 192 

Table 5-25. Means of Disengagement RTs and Gap-effect in longitudinal sample of infants with 2 or 

more valid datasets. ........................................................................................................... 193 

Table 5-26. Multi-level mixed effects regression model of disengagement RT across 6, 12 and 30 

month assessments including the adjustment of the 30m Bayley-III z-score in the second 

longitudinal sample with infants that had җ2 valid time points, including interaction term 

between study group and age. The baseline group are term-born females at 6 months with 

an IMD quintile of 1. ........................................................................................................... 196 

Table 5-27. Multi-level mixed effects regression model of disengagement RT across 6, 12 and 30 

month assessments including the adjustment of the 12m Bayley-III z-score in the second 

longitudinal sample with infants that had җ2 valid time points within the very preterm group 

only. The baseline group are females at 6 months with an IMD quintile of 1. ..................... 197 



 
 

13 
 

Table 5-28. Multi-level mixed effects regression model of disengagement RT across 6, 12 and 30 

month assessments including the adjustment of the 12m Bayley-III z-score in the second 

longitudinal sample with infants that had җ2 valid time points within the term group only. 

The baseline group are females at 6 months with an IMD quintile of 1............................... 198 

Table 5-29. Multi-level mixed effects regression model of gap-effect RT across 6, 12 and 30 month 

assessments including the adjustment of the 30m Bayley-III z-score in the second 

longitudinal sample with infants that had җ2 valid time points. The baseline group are term-

females at 6 months with an IMD quintile of 1. .................................................................. 199 

Table 6-1. Demographic details of infants in mobile conjugate task during the 3 month assessment.

 ........................................................................................................................................... 225 

Table 6-2. Median and IQR of baseline kick rate per minute in Mobile Task by study group and 

further subdivided in to learner and non-learners according to the study criterion (Figure 

6-2). .................................................................................................................................... 226 

Table 6-3. Median kick rate for baseline phase, and median RRR for each 2 min epoch of the 

training phase and generalisation phase of the mobile reinforcement paradigm. .............. 227 

Table 6-4. Multilevel mixed effects model with the learner category modelling the RRR across the 

training phase. The baseline group was the baseline RRR in term-born females learners with 

an IMD quintile of 1. ........................................................................................................... 229 

Table 6-5. Multilevel mixed effects model with the learner category modelling the RRR across the 

training phase additionally adjusting for 12 month cognitive z-scores. The baseline group was 

the baseline RRR in term-born females learners with an IMD quintile of 1. ........................ 230 

Table 6-6. Differences between kick rates of each leg from baseline to the end of training; Mann 

Whitney U (MWU) tests were used to compare the difference from baseline to the end of 

training in each study group; then by learning status (exact p values reported; Significance 

following Bonferroni correction: p<.008) ............................................................................ 231 

Table 6-7. Multilevel mixed effects model with the learner category modelling leg kick difference 

from baseline to the end of training. The baseline group was the baseline leg kick difference 

in term-born female learners with an IMD quintile of 1. ..................................................... 233 

Table 6-8. Multilevel mixed effects model with the learner category modelling the leg kick 

difference from baseline to the end of training additionally adjusting for 12 month cognitive 

z-scores. The baseline group is the baseline leg kick difference in term-born female learners 

with an IMD quintile of 1. ................................................................................................... 234 

Table 6-9. Median and IQR relative response ratio during the generalisation response across study 

group then subdivided into learning status. Not all infants that completed the training phase 

completed the additional generalisation phase and therefore were omitted from this 

analysis. .............................................................................................................................. 235 



 
 

14 
 

Table 6-10. Multilevel mixed effects model with the learner category modelling the RRR from 

baseline to the generalisation phase. The baseline group was the baseline RRR in term-born 

female learners with an IMD quintile of 1. .......................................................................... 236 

Table 6-11. Multilevel mixed effects model with the learner category modelling the RRR from 

baseline to the generalisation phase additionally adjusting for 12 month cognitive z-scores. 

The baseline group is the baseline RRR in term-born female learners with an IMD quintile of 

1. ......................................................................................................................................... 237 

Table 6-12. Demographic details of infants to complete the BabyScreen Application .................. 238 

Table 6-13. Total number of children to complete each item with and without a demonstration. 240 

Table 6-14. Median response times to each trial for the two study groups. ................................. 241 

Table 6-15. The median and range response time of each construct ............................................ 243 

Table 6-16. Correlations between frequency of touchscreen use and Bayley-III cognitive z-score at 

2 years of age for A) term born toddlers and B) Very Preterm toddlers. ............................. 244 

Table 6-17. Median and range of accuracy scores (on a 4 point scale) for Term and VP children on 

all correctly passed items with distractor stimuli on the BabyScreen Application ............... 246 

Table 6-18. Linear multiple regression model for the total number of trials completed without a 

demonstration from the experimenter (F(3, 31) = 2.77, p = .06). Baseline group were term 

born females with an IMD quintile of 1. .............................................................................. 248 

Table 6-19. Linear multiple regression model for the total number of trials completed without a 

demonstration from the experimenter with the adjustment of the 30 month cognitive z-

scores (F(4, 28) = 1.27, p = .31). Baseline group were term born females with an IMD quintile 

of 1. .................................................................................................................................... 249 

Table 6-20. . Linear multiple regression model for the time for completion of overall learning 

measure, trial 17 (F(3, 31) = 2.78, p = .06). Baseline group were term born females with an 

IMD quintile of 1. ................................................................................................................ 250 

Table 6-21. . Linear multiple regression model for the total number of trials completed without a 

demonstration from the experimenter with the adjustment of the 30 month cognitive z-

scores (F(4, 28) = 1.93, p = .13). Baseline group were term born females with an IMD quintile 

of 1. .................................................................................................................................... 251 

Table 6-22. Demographic details of toddlers to complete the Multi-Location Multi-Step Paradigm.

 ........................................................................................................................................... 252 

Table 6-23. Proportion of Term and Very Preterm children to pass the pre-switch criterion ........ 252 

Table 6-24. Total number of trials to reach pre-switch criterion by study group. ......................... 253 

Table 6-25. Median trial times for MLMS task including children that met the task criterion....... 254 

Table 6-26. Multilevel mixed effects model of the time taken to complete the MLMS trials from 

baseline to the post-switch phase. The baseline group was the average time taken during the 

training trials in term-born females with an IMD quintile of 1. ........................................... 256 



 
 

15 
 

Table 6-27. Multilevel mixed effects model of the time taken to complete the MLMS trials from 

baseline to the post-switch phase additionally adjusting for 12 month cognitive z-scores. The 

baseline group was the average time taken during the training trials in term-born females 

with an IMD quintile of 1. ................................................................................................... 257 

Table 6-28. Demographic details of toddlers to complete the auditory oddball paradigm ........... 274 

Table 6-29. Auditory ERP N1 and P3 component mean amplitudes and latencies for the standard 

sounds across study groups. ............................................................................................... 276 

Table 6-30. N1 and P3 components mean amplitudes and latencies for deviant sounds from the 

auditory ERP oddball paradigm ........................................................................................... 279 

Table 6-31. N1 and P3 components mean, minimum and max amplitudes and latencies for 

standard and deviant sounds from the auditory ERP oddball paradigm. *Variable selected a 

priori as most informative reflection of performance: left hemisphere response collapsed 

across ear of sound presentation and sound frequency. ..................................................... 281 

Table 6-32. Linear regression model of left hemisphere response to speech sounds in auditory 

oddball paradigm, collapsed over ear and frequency of sound presentation (F(3, 24) = 1.44, p 

= .25). The baseline group are term-born females at 12 months with an IMD quintile of 1. 283 

Table 6-33. Linear regression model of left hemisphere response to speech sounds in auditory 

oddball paradigm, collapsed over ear and frequency of sound presentation including the 

adjustment of the 12m Bayley-III cognitive and language z-score (F(5, 19) = .91, p = .50). The 

baseline group are term-born females at 12 months with an IMD quintile of 1. ................. 284 

Table 7-1. Sequential linear regression modelling the cognitive z-score of the Bayley-III at 12 

months utilising EF, IP and attentional variables from the first year of assessments. The 

baseline group was term-born females. .............................................................................. 294 

Table 7-2. Sequential linear regression modelling the cognitive z-score of the Bayley-III at 30 

months. The baseline group was term-born females. ......................................................... 296 

Table 7-3. 3 Linear regression models with the cognitive z-score of the Bayley-III at 30 months as 

the outcome variable. The baseline group was term-born females. .................................... 298 

Table 7-4. 3 Linear regression models fitted on the Babyscreen overall EF construct at 30 months as 

the outcome variable. The baseline group was term-born females. .................................... 299 



 
 

16 
 

Table of Figures 

Figure 1-1. Both images taken from Moore et al., (2012). Impairment rates in EPICure2 cohort, 

including infants born before 27 weeks in 2006. To the left: overall level of impairment 

including motor, sensory, communication and developmental domains, categorised by 

national consensus recommendations at the time of publication. To the right: functional 

outcomes according to the Gross Motor Function Classification System. .............................. 24 

Figure 1-2. Neuronal growth during fetal development. Adapted from (Allen and Kelly, 2015) ..... 25 

Figure 1-3. The predominant brain regions involved in EF in typically developing populations and a 

brief summary of difference reported in brain region functionality in preterm populations 

associated with EF performance. .......................................................................................... 27 

Figure 1-4. Continuum of special needs by gestational age at birth by Mackay (2010) ................... 31 

Figure 1-5. Schematic representation of three EF models commonly referred to within 

developmental literature. ..................................................................................................... 42 

Figure 2-1. The Preterm Development Project (PDP) study structure. The red boxes indicate the 

stages of the study where the data reviewed in the thesis were collected. .......................... 65 

Figure 2-2. The attrition rate of the participants included in this thesis from the PDP study. ......... 67 

Figure 3-1. Frequency distribution of the cognitive (A) and motor (B) composite scores collapsed 

across study groups. ............................................................................................................. 91 

Figure 3-2. 12 month and 2 year Bayley-III correlation data for Term and Very Preterm children .. 95 

Figure 4-1. Trial procedure and counterbalance order of stimulus presentation in the Delayed 

Response Task. As the response window precedes the stimulus presentation, the correct 

response is the side of the preceding trial presentation. ..................................................... 111 

Figure 4-2. Illustration of A not B apparatus including table dimensions; trial counterbalance order;

 ........................................................................................................................................... 115 

Figure 4-3. Dimensions and set up of the Dimensional Change Card Sort task sorting boxes, cards 

and target cards. The example shows level 3 of the DCCS task where the child is asked to sort 

first by colour, then by shape. ............................................................................................. 117 

Figure 4-4. Total proportion of trials correct in Delayed Response Task by study group. A t-test was 

used to compare the proportions in each group that correctly identified the location of the 

previously observed stimulus.............................................................................................. 122 

Figure 4-5. Time to A-not-B error in seconds delay across study groups. ...................................... 125 

Figure 4-6. Highest level achieved on the Dimensional Change Card Sort Task by study group. 

MWU: Mann Whitney U Statistic ........................................................................................ 129 

Figure 5-1. Set up and dimensions of visual display unit with eye-tracker; travel car seat used to 

correctly position the infants at 6 and 12months of age. During the 30m time point, the 

travel seat was removed and the child sat on a parent or carers lap at the same distance. 150 

file://///ad.ucl.ac.uk/homeD/sejjkld/Documents/Kayleighs_Documents/Write%20Up%20and%20General%20PhD%20Docs/Thesis/%23FULL_DRAFT/Full_documents/FOR%20VIVA/Kayleigh_Day_FullPhDThesis_d4_FINAL.docx%23_Toc494204857
file://///ad.ucl.ac.uk/homeD/sejjkld/Documents/Kayleighs_Documents/Write%20Up%20and%20General%20PhD%20Docs/Thesis/%23FULL_DRAFT/Full_documents/FOR%20VIVA/Kayleigh_Day_FullPhDThesis_d4_FINAL.docx%23_Toc494204857
file://///ad.ucl.ac.uk/homeD/sejjkld/Documents/Kayleighs_Documents/Write%20Up%20and%20General%20PhD%20Docs/Thesis/%23FULL_DRAFT/Full_documents/FOR%20VIVA/Kayleigh_Day_FullPhDThesis_d4_FINAL.docx%23_Toc494204857


 
 

17 
 

Figure 5-2. Representation of the visual displays and timing within the 3 conditions of the GAP 

task. All conditions start with a central stimulus, and end with a less visually interesting 

peripheral stimulus. ............................................................................................................ 151 

Figure 5-3. Response times (ms) of each condition within the Gap overlap task at 6 months of age 

by study group. ................................................................................................................... 156 

Figure 5-4. Disengagement response times (ms) of term and very preterm infants during the Gap-

overlap task at 6 months of age. ......................................................................................... 157 

Figure 5-5. Gap-effect (ms) of term and very preterm infants during the Gap-overlap task at the 6 

months of age. .................................................................................................................... 157 

Figure 5-6. Response times (ms) of each condition within the Gap overlap task at 12 months of age 

by study group. ................................................................................................................... 162 

Figure 5-7. Disengagement response time (ms) of term and very preterm infants during the Gap-

overlap task at 12 months of age. ....................................................................................... 163 

Figure 5-8. Gap-effect (ms) of term and very preterm infants during the Gap-overlap task at 12 

months of age. .................................................................................................................... 163 

Figure 5-9. Response times (ms) of each condition within the Gap overlap task at 30 months of age 

by study group. ................................................................................................................... 168 

Figure 5-10. Disengagement response time (ms) of term and very preterm toddlers during the Gap-

overlap task at 30 months of age. ....................................................................................... 169 

Figure 5-11. Gap-effect (ms) of term and very preterm toddlers during the Gap-overlap task at 

the`30 months of age. ......................................................................................................... 169 

Figure 5-12. Two displays of the change of disengagement response times (ms) over the 6 to 12 

months (A) illustrates the individual changes over time in each study group; (B) illustrates 

group difference by age to visually display how the mean responses change over time ..... 175 

Figure 5-13. Two displays of the change of gap-effect  (ms) over the 6 to 12 month assessment (A) 

illustrates the individual changes over time in each study group; (B) illustrates group 

difference by age to visually display how the mean responses change over time ............... 176 

Figure 5-14. Two displays of the change of disengagement response times (ms) over the 12 to 30 

month (A) illustrates the individual changes over time in each study group; (B) illustrates 

group difference by age to visually display how the mean responses change over time. .... 181 

Figure 5-15. Two displays of the change in gap-effect  (ms) over the 12 to 30 month assessments 

(A) illustrates the individual changes over time in each study group; (B) illustrates group 

difference by age to visually display how the mean responses change over time. .............. 182 

Figure 5-16. Two displays of the change of disengagement response times (ms) over the 3 

assessments (A) individual changes over time in each study group (B) grouped by age to 

visually display how the mean responses change over time. .............................................. 188 



 
 

18 
 

Figure 5-17. Two displays of the change in gap-effect  (ms) over the 3 assessments (A) illustrates 

the individual changes over time in each study group; (B) illustrates group difference by age 

to visually display how the mean responses change over time. .......................................... 189 

Figure 5-18. Disengagement response time (ms) of term and very preterm toddlers during the Gap-

overlap task across the 3 assessments including infants with a minimum of 2 sets of data. 195 

Figure 5-19. Gap-effect (ms) of term and very preterm toddlers during the Gap-overlap task across 

the 3 assessments, including infants with a minimum of 2 sets of data .............................. 195 

Figure 6-1. Photograph of the conjugate mobile reinforcement paradigm lab set up. .................. 211 

Figure 6-2. Relative response ratio calculation, used to remove baseline leg kick bias. The RRR was 

calculated for each minute of the training phase and of the generalisation phase. The 

learning definition was defined only by performance within the training phase. ................ 212 

Figure 6-3. Visual representation of the BabyScreen items, separated into the 4 EF constructs, with 

the addition of training and overall learning. ...................................................................... 216 

Figure 6-4. MLMS apparatus show the multi-step procedure children were asked to imitate. 1- 

shows the training phase where only one symbol was attached to the base board, the food 

was hidden, the drawer closed and the cardboard cover placed over the symbol line (2). 3 

illustrates the cloth being placed over the apparatus. 4 shows the pre- and post-switch set up 

with the additional symbols. The food is hidden in one of the end drawers and the same 

procedure is followed in images 5 and 6. ............................................................................ 224 

Figure 6-5. Baseline kick rate per min across the Term and Very Preterm infants to complete the 

Mobile Task at 3 months of age. ......................................................................................... 226 

Figure 6-6. Changes from baseline in relative response rates in term and Very Preterm infants by 

learning status .................................................................................................................... 227 

Figure 6-7. Difference in kick rate of each leg at baseline and the end of the training phase by study 

group and learner status; Mann Whitney U tests used to compare between groups. ......... 232 

Figure 6-8. Relative response ratio from baseline to the generalisation phase across study group 

and learning status; Mann Whitney U tests used to compare between groups and learning 

status. ................................................................................................................................. 235 

Figure 6-9. Total number of items completed without and with demonstration in the BabyScreen 

application by study group at 30 months of age. Mann Whitney U (MWU) tests were used to 

compare the number completed in each study group (exact p reported to account for tied 

values). ............................................................................................................................... 239 

Figure 6-10. Response times on BabyScreen on object permanence and overall learning items 

ŎƻƳǇƭŜǘŜŘ ōȅ ¢ŜǊƳ ŀƴŘ ±ŜǊȅ tǊŜǘŜǊƳ ŎƘƛƭŘǊŜƴ ŀǘ ол ƳƻƴǘƘǎ ƻŦ ŀƎŜΦ CƛǎƘŜǊΩǎ ŜȄŀŎǘ ǘŜǎǘ ǿŀǎ 

used to compare the proportions in each group that failed each item; Mann Whitney U 

(MWU) tests were used to compare the response times in each study group (exact p to 

account for tied values). ..................................................................................................... 242 

Figure 6-11. Correlation between the Bayley-III cognitive z-scores from the 2 year assessment. . 245 



 
 

19 
 

Figure 6-12. Accuracy scores on BabyScreen application for correctly passed working memory 

items completed by Term and Very Preterm children at 30 months of age. Mann Whitney U 

(MWU) tests were used to compare the accuracy scores in each study group (exact p to 

account for tied values). ..................................................................................................... 246 

Figure 6-13. Time taken relative to training phase across the duration of the Multi Location Multi 

Step task; Mann Whitney U was used to assess relative response times from the previous 

time points; adjusted according to the training RT (baseline) through the pre-switch trials 

(PST1ς3) and post-switch trial............................................................................................. 254 

Figure 6-14. Waveform display of both stimuli used in the auditory oddball paradigm (/da/ and 

/ga/ sounds respectively).................................................................................................... 268 

Figure 6-15. Spectral view of /da/ and /ga/ sounds respectively. ................................................. 268 

Figure 6-16. Frequency/amplitude spectrum plots for /da/ and /ga/ sounds respectively. .......... 269 

Figure 6-17. EGI 32 channel Geodesic map display electrode selection for N1 component........... 273 

Figure 6-18. EGI 32 channel Geodesic map display electrode selection for N1 component........... 274 

Figure 6-19. Mean amplitude response of the N1 component across the left (LH) and right (RH) 

hemispheres according to ear of presentation for standard sounds between term and very 

preterm toddlers. ................................................................................................................ 275 

Figure 6-20. Mean amplitude response of the P3 component across the left (LH) and right (RH) 

hemispheres according to ear of presentation for standard sounds between term and very 

preterm toddlers. ................................................................................................................ 276 

Figure 6-21. Auditory ERP waveform of the N1 and P3 component response to left ear stimulation 

across hemispheres with standard sounds; the N1 electrode grouping was used for this 

illustration. ......................................................................................................................... 277 

Figure 6-22. Auditory ERP waveform of the N1 and P3 component response to right ear stimulation 

across hemispheres with standard sounds; the N1 electrode grouping was used for this 

illustration. ......................................................................................................................... 277 

Figure 6-23. Mean amplitude response of the N1 component across the left (LH) and right (RH) 

hemispheres according to ear of presentation for deviant sounds between term and very 

preterm toddlers. ................................................................................................................ 278 

Figure 6-24. Waveform of the N1 and P3 response across hemispheres to the deviant sounds 

following left ear presentation. The electrode grouping used for this illustration was those 

for the N1 analyses. ............................................................................................................ 279 

Figure 6-25. Waveform of the N1 and P3 response across hemispheres to the deviant sounds 

following right ear presentation. The electrode grouping used for this illustration was those 

for the N1 analyses. ............................................................................................................ 280 

Figure 6-26. Auditory ERP waveform of the N1 and P3 components in response to the standard and 

deviant tones, averaged across ear of sound presentation and hemisphere; the N1 electrode 

grouping was used for this illustration. ............................................................................... 282 



 
 

20 
 

Figure 8-1. Diagrammatic representation summarising the divergence of term and preterm abilities 

at the 30 month assessment stage with the prominent findings from each task. ................ 309 

Figure 8-3. Auditory pathways modified from Posit Science, (2014). ............................................ 386 



 
 

21 
 

Abbreviations 

EF ςExecutive Function 

IQ ς Intellectual Quotient 

Bayley-III ς Bayley scales of Infant Development third edition  

IVH = Intraventricular Haemorrhage 

PVL = Periventricular Leukomalacia  

ROP = Retinopathy of Prematurity 

CLD = Chronic Lung Disease 

BPD = Bronchopulmonary Dysplasia 

NEC = Necrotizing Enterocolitis 

IP ς Information processing  

ADHD ς Attention deficit hyperactivity disorder 

VDU ς visual display unit  

 



 
 

22 
 

Chapter 1 Background   

Survival following preterm birth is continually increasing due to advances in 

perinatal and neonatal care (WHO, 2012). Tracking the effects of preterm birth, in 

particular at very low gestations, is a focus of much research effort. As gestation at 

birth decreases a range of serious impairments affecting motor (cerebral palsy) and 

cognitive function become more frequent among survivors. Although these 

impairments may be decreasing in frequency (Moore, Hennessy, et al., 2012), 

survivors of very premature birth (<32 weeks gestation) remain at risk of 

impairments in infancy and preschool ages, that later manifest as lower academic 

attainment compared to children born at full term (Kerr-Wilson et al., 2012). The 

prevalence of global cognitive impairment, as measured by low Intellectual 

Quotient (IQ), increases with decreasing gestation (Mulder et al., 2009; Kerr-Wilson 

et al., 2012). However, academic difficulties observed within this population may be 

compounded by additional factors contributing to overall performances, with more 

prominent impairments in specific cognitive domains in addition to lower IQ 

(Aylward, 2002; Anderson, 2014).  

A particular focus within this population is executive function and information 

processing (Rose, Feldman and Jankowski, 2009, 2011; Mulder, Pitchford and 

Marlow, 2010, 2011b). Executive function or EF, is an umbrella term for a set of 

effortful cognitive processes responsible for directing focus and goal-setting 

behaviours (Diamond, 2006, 2013). The speed of information processing (or IP) 

refers to the speed at which the brain functions, both in terms of automatic 

responses and effortful mental processing in response to stimuli. Both areas have 

been previously reported as areas of difficulty within preterm populations (Johnson, 

2007; Rose et al., 2008; Mulder, Pitchford and Marlow, 2011b). Problems with EF 

become apparent and easily quantifiable at early school age.  It is unclear whether 

EF dysfunction is not quantifiable until then or whether current developmental 

assessments, made usually at around 2 years of age, are too insensitive to detect 

subtle cognitive difficulties. The goal of current research is to improve identification 

methodologies, aiding interventions before the school years, and helping structure 
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the development of those that require the support before it impacts their 

education. In order to achieve this, a better understanding is required regarding 

when the stated delays start to emerge. It is possible specific impairments in EF and 

IP are apparent from birth and, although likely to be subtle, could be detected if 

appropriate methods are identified. Equally these delays may emerge slowly across 

development, making early and accurate identification difficult.  

This thesis seeks to evaluate the development of executive functions and 

information processing speeds through the first two and a half years of life in 

children born very preterm, with the focus of identifying emerging signs of 

dysfunction that are not detected by that of the current standard developmental 

assessments. 

1.1 Preterm development 

Infants born very preterm (<32 weeks of gestation) require significant and highly 

skilled medical interventions to survive. Advances in neonatology and obstetrics in 

the last few decades have led to a surge in preterm survival rates and at much 

younger gestational ages than ever before ό{ǳƴΣ aƻƘŀȅ ŀƴŘ hΩ/ŀƭƭŀƎƘŀƴΣ нллфύ. 

Thus developments in neonatal care are proving very successful. However, the risk 

of severe cognitive, sensory and motor impairments in these infants still remains 

high (see figure 1-1) (Moore, Hennessy, et al., 2012). Impairments can range from 

severe mental and physical disabilities, including Cerebral Palsy (CP), Developmental 

Coordination Disorder (DCD) (Sun and Buys, 2012b), hydrocephalus, and 

neurosensory impairments such as blindness and deafness (Johnson, Wolke and 

Marlow, 2008), to mild cognitive impairment. Research to date is yet to identify 

biomarkers in infancy that could predict the level of impairment likely to be 

observed in a child at a later stage of development. Whether these biomarkers 

exist, remains to be seen. 
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Figure 1-1. Both images taken from Moore et al., (2012). Impairment rates in EPICure2 cohort, including infants born before 27 weeks in 2006. To the left: overall level 

of impairment including motor, sensory, communication and developmental domains, categorised by national consensus recommendations at the time of publication. 

To the right: functional outcomes according to the Gross Motor Function Classification System. 

Overall impairment: Motor grades: 
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During the final stages of fetal development, the brain is differentiating at its 

highest rate, making this an extremely sensitive phase of development (Huppi, 

2010), see figure 1-2. Even subtle disturbances of the intrauterine environment, 

especially if they occur in the mid second and early third trimesters, can lead to 

serious impairments later in life (Johnson, Wolke and Marlow, 2008; Ishii and 

Hashimoto-Torii, 2015). The brain outcome for very preterm children is related to a 

complex amalgam of destructive and developmental influences. Both focal injuries 

and changes to regional developmental trajectories are influenced by both external 

and internal factors. Examples of external factors include perinatal infection and 

perfusion fluctuations that lead to haemorrhagic and ischaemic injuries. Internal 

factors are disturbed by the switch from intrauterine to independent life, causing 

alterations to the developing organisation of the brain in terms of differentiation, 

migration, myelination and synaptogenesis (Volpe, 2009). In a number of cases, it is 

likely that severe motor and cognitive outcomes are related to the topography of 

acquired brain injury (Krägeloh-Mann, 2004), however, biomarkers for specific 

cognitive deficits are yet to be determined.  

Figure 1-2. Neuronal growth during fetal development. Adapted from (Allen and Kelly, 2015) 
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Premature infants do not always present with focal neurological injury, yet can still 

later display cognitive, behavioural and/or neuropsychological deficits (Bhutta et al., 

2002)Φ ¢ƘŜǎŜ ŘŜŦƛŎƛǘǎ ŀǊŜ ǘŜǊƳŜŘ ōȅ ǎƻƳŜ ŀǎ ΨƘƛŘŘŜƴ ŘƛǎŀōƛƭƛǘƛŜǎΩ  ŘǳŜ ǘƻ ǘƘŜ ŀōǎŜƴŎŜ 

of neurological injury, and can thereby be difficult to predict early on (Johnson, 

Wolke and Marlow, 2008). These high prevalence/low severity deficits are most 

often reported when children reach school age and can significantly impact early 

learning and influence later school achievements, both academically and in a social 

context. This puts those that present with these cognitive and neuropsychological 

deficits at a disadvantage to their term-born peers in many areas (Johnson, Wolke 

and Marlow, 2008).  

Figure 1-3 illustrates and summarises the brain regions associated to executive 

functions (EF), the cognitive abilities most closely linked to academic attainment, 

and details neuroanatomical differences reported in the preterm literature. 
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Figure 1-3. The predominant brain regions involved in EF in typically developing populations and a 

brief summary of difference reported in brain region functionality in preterm populations 

associated with EF performance. 

 

Structural difference noted in adult 
preterm brain regions and those 
associated with EF tasks:  

- Reduced white matter volume in 
posterior corpus callosum, 
thalamus and fornix in combination 
with reduced grey matter volume in 
temporal gyri have been reported 
to account for 21% of performance 
differences in EF in an ex-preterm 
population (Nosarti et al., 2014) 

- Reduced activity has been reported in the dorsolateral prefrontal cortex 
in response to a working memory task in ex-preterm adults that suffered 
severe neonatal brain injury (Kalpakidou et al., 2014). 

- Anterior cingulate cortex: 
activation has been linked to 
selective attention and although 
not typically considered part of 
EF, this ability and therefore this 
region has been considered to be 
essential for EF task completion 
(Peterson et al., 1999; Alvarez 
and Emory, 2006). 

Brain regions associated with EF: 

- Dorsolateral prefrontal cortex: the predominant region 
associated to EF. Used to maintain information in mind, 
set shifting, planning and problem solving (Alvarez and 
Emory, 2006; Diamond, 2013) 

- Orbitalfrontal/ventralmedial cortices: responsible for 
socially acceptable behaviour and linked to emotion. 
Therefore linked to inhibition but often debated as self-
regulation oppose to EF (Alvarez and Emory, 2006; 
Diamond, 2013). 
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1.1.1 Influence of neonatal factors on cognitive function 

Neonatal complications following premature birth are extensive. Accounting for the 

numerous complications and possible influences on later development is almost 

impossible due to the varying degrees of illness during the perinatal period. 

However, although complex, it is likely a relationship exists between adverse clinical 

events and cognitive function later in development (Linsell et al., 2015).  

Before the age of 5 years, global cognitive performance is commonly measured by 

the cognitive composite score on the current third edition of Bayley Scales of Infant 

and Toddler Development (Bayley-III) or previously, the Mental Development Index 

from the Bayley-II. After 5 years of age, IQ is typically used to define global cognitive 

performance. Consistently, correlations are observed between poorer cognitive 

outcomes with decreasing gestational age (Bhutta et al., 2002; Johnson, 2007; 

Orton et al., 2015; Johnson and Marlow, 2016). In infancy, male sex, lower birth 

weight, non-white ethnicity and parental education (or social economic status/SES) 

all have been shown to be strong predictors of poorer global cognitive outcomes. 

However, apart from parental education, these prognostic effects appear to 

diminish in later childhood (Linsell et al., 2015). The effect of SES on cognitive 

outcome continues to be reported in the adult literature, above other biological 

factors (Tideman, 2000; Hack, 2006). Although the health of ex-preterm adults can 

be effected by the complications associated to early life experiences, there is no 

evidence to suggest the perinatal complications consistently influence outcomes 

beyond that of gestation age at birth and known brain injuries (Marlow, 2004).  

Reports of specific neonatal risk factors associated with deficits in EF are mixed. A 

meta-analysis by Linsell et al., (2015) identified 7 studies investigating prognostic 

factors for EF deficits in preterm cohorts born after 1990, with a wide variety of 

tests used to assess EF. The inconsistencies of measures used, combined with the 

small number of studies identified, rendered it difficult to meaningfully combine the 

results to ascertain the predominant factors associate with EF impairments in early 

childhood (Linsell et al., 2015). More definitive correlations have been reported in 

the MR-based studies (Howard, K., Anderson, P. J., & Taylor, 2008; Vollmer et al., 
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2017). Diffuse white matter abnormalities identified within the neonatal period 

correlate with overall IQ performance and specific EF and attentional deficits within 

preterm populations (Vollmer et al., 2017). White matter tracts such as the fronto-

striatal pathway, connecting the frontal lobe to the basal ganglia, and fronto-

occipital pathway, connecting the frontal lobe and visual cortex, have been 

identified as two of many long association fibre tracks at risk within this population. 

These alterations in white matter tract integrity appear to be present even in the 

absence of major focal brain injury (Li et al., 2015; Vollmer et al., 2017). 

Conventional radiological images do not identify such problems, and computational 

MRI techniques are not used in clinical practice to date  (Duffau, 2014). These 

alterations are not immediately apparent yet are likely to have functional 

implications (Vollmer et al., 2017).  

Although difficult to translate to human observations, animal studies have observed 

functional outcomes to be predominantly affected if an injury to the brain, such as 

hypoxia, occurs during neuronal migration (Kolb et al., 2013). Very preterm delivery 

occurs during the developmental stage of neuronal migration (figure 1-2). Poor 

oxygenation of the brain during the preterm birth is a common occurrence and has 

been associated to specific deficits within the EF sub-skill, working memory (Taylor 

et al., 2004). These sub-skills and associated deficits will be discussed in greater 

detail in subsequent sections. In a more recent investigation into Apnoea of 

Prematurity (AOP), intermittent hypoxia used to model AOP, had a neuroprotective 

effect in rodents with brain lesions and in response to behavioural stressors 

(Bouslama et al., 2015). This highlights the inconsistencies within the literature and 

the need for further research. 

In the current thesis, very severe brain injuries were excluded. Neonatal 

complications will be summarised, however, they will not be taking into 

consideration within the main study analyses relating to cognitive performance 

given the mixed reports within the literature. The factors considered to be most 

influential of later outcome in the early years and therefore will be considered 
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within all analyses are SES as defined by the Index of Multiple Deprivation quintile 

(a nationally available score related to postcode (NPEU, 2013)) and male sex. 

1.1.2 Cognitive impairments and later academic achievements in children born 

preterm  

Global cognitive impairment in the early years, as defined by low scores on 

cognitive scales in measures such as the Bayley-III is a common finding following 

preterm birth (for review see (Anderson and Doyle, 2008)). This impacts learning in 

early school years and into middle childhood; see Figure 1-4. 

Ex-preterm children can present with a wide range of developmental problems 

including; speech and language delay; impaired attentional abilities; working 

memory impairments; reduced processing speeds and later specific difficulties in 

academic areas such as reading and mathematics (Johnson, Hennessy, et al., 2009; 

Woodward et al., 2009). Difficulties can range from mild through to severe and are 

not consistent across preterm cohorts; a proportion of children do not present with 

any notable difficulties. The problem that faces clinical professionals is the 

sensitivity and predictive validity of the developmental assessments used to identify 

these difficulties. The Bayley-III (Bayley, 2006) is the current standard assessment 

tool in the UK to determine the achievement of developmental milestones in the 

early years. Significant cognitive impairments are detected by scores 2 standard 

deviations (SD) below the mean on measures such as the Bayley-III and are often 

found to be predictive of later learning and cognitive difficulties. However, those 

with milder impairments are often missed in the initial developmental assessments 

(Aylward, 2002; Hack et al., 2005). A discernible pattern to predict those that will 

and those that will not present with cognitive impairments later in life is yet to be 

uncovered.  
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Figure 1-4. Continuum of special needs by gestational age at birth by Mackay (2010) 

 

Academic attainment in middle childhood, specifically in reading and maths, appear 

to be areas of greatest difficulty compared to other academic abilities. A significant 

proportion of ex-preterm children require additional educational support, Figure 1-

4 (Bull and Johnston, 1997; Bowen, Gibson and Hand, 2002; Johnson, Hennessy, et 

al., 2009; Odd, Evans and Emond, 2013). Low IQ scores influence academic 

achievement in middle childhood for ex-preterm populations with these difficulties 

persisting into adulthood (Nosarti et al., 2007; Breeman et al., 2015; Burnett et al., 

2015; Eryigit-Madzwamuse and Wolke, 2015; Johnson and Marlow, 2016). 

However, low IQ does not appear to account for all difficulties observed. Those with 

less severe impairments, although scoring in the low average range for IQ, appear 

to have problems relating to specific functions, namely: visual-perceptual/motor 

abilities, attention, reading, writing, spelling and mathematical skills (Aylward, 

2002). The neuropsychological functions reported here utilise a set of cognitive 

abilities termed Executive Functions (EF). EF is commonly considered an umbrella 

term encompassing multiple sub skills, essential for problem solving and cognitive 

Gesta onal	Week	 PAR	due	to	gesta onal	age	

24-27	 0ϊ5%	(0ϊ4-0ϊ6)	

28-32	 1ϊ1%	(1ϊ0-1ϊ3)	

33-36	 2ϊ0%	(1ϊ7-2ϊ4)	

Total	 10%	(ϊ07-12ϊ9)	

MacKay	et	al	PLOS	Medicine	2010	
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regulation, assessments of which, have been found to account for the variability in 

academic attainment in healthy control cohorts (Blair and Razza, 2007; Bull, Espy 

and Wiebe, 2008; Mulder, Pitchford and Marlow, 2010). Poor performance in EF 

assessments in preterm populations compared to term born peers following 

adjustment for IQ are repeatedly found (Espy et al., 2002; Bohm, Smedler and 

Forssberg, 2004; Aarnoudse-Moens, Smidts, et al., 2009; Mulder et al., 2009; Sun 

and Buys, 2012a). EF sub-domains typically include inhibition, working memory, and 

cognitive flexibility. However, some authors consider these processes to linked with 

an underlying mechanism and therefore view EF as a unitary concept (Miyake et al., 

2000).  

Mathematical abilities appear to be a particular area of difficulty in preterm 

children, independent of the lower global cognitive scores (Johnson, Hennessy, et 

al., 2009). In line with this, studies show preterm children are more likely to fail age-

appropriate maths questions than their term born peers, after adjustment for 

general cognitive ability (Simms et al., 2013). These children are reported to find 

more complex, simultaneous mathematical problems more difficult to those that 

are sequential in structure, implying their difficulties are associated with specific 

cognitive functions involved in complex mathematical processing. Working memory, 

perceptual and attentional problems, and visuo-spatial inabilities are all speculated 

to contribute to these difficulties (Marlow, 2004; Johnson, Hennessy, et al., 2009).  

This is in contrast to the reading and spelling difficulties in which delays are 

accounted for by general cognitive ability (Johnson et al., 2009). The processes of 

learning to read, write and solve mathematical problems require the acquisition of 

simple skills, such as letter and number recognition, before complex skills, such as 

reading and addition, can be achieved. It is speculated that crystallized knowledge, 

information that is gleamed from past experiences, forms the basis of these simple 

skills. However in order to acquire this knowledge, it has been argued a biological 

basis is involved in learning. EF abilities, specifically working memory performance, 

influence the acquisition of new information and dictate ŀ ŎƘƛƭŘΩǎ ŎŀǇŀŎƛǘȅ ǘƻ ƭŜŀǊƴ. 

Mathematical abilities appear to be particularly dependent upon working memory 
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performance. A predictive relationship has been frequently reported between 

working memory abilities and early mathematical scores in typically developing 

cohorts (Gathercole et al., 2004). Given such reports, it is perhaps unsurprising to 

observe difficulties within the working memory domain in preterm populations 

correlating to performance in mathematical assessments (Mulder, Pitchford and 

Marlow, 2010). 

The nature of mathematical difficulties observed in this population is understood to 

be different to that of development dyscalculia  (Simms et al., 2015). 

Developmental dyscalculia is a condition whereby an individual has specific 

numerical difficulties related to the approximate number system, a system that 

handles quantity information, both in terms of representation and manipulation, in 

order to achieve mathematical problems (De Smedt et al., 2013; Simms et al., 

2015). Within preterm populations, more complex calculations appear to be the 

most prominent difficulty and it is thought deficits in working memory may explain 

this, not the way the brain characterises numerical presentations. However, it is not 

clear why mathematics is an area of particular difficulty within this population, and 

literacy skills are spared (Isaacs et al., 2001). Current research suggests a possible 

explanation for these difficulties lies in the reduced grey matter volume reported 

within the intraparietal sulcus (IPS) in preterm populations with numerical 

difficulties (Isaacs et al., 2001); a region commonly associated to number processing 

and calculation ability (Klein et al., 2014). This research correlates with other studies 

reporting grey matter reductions within this region of the brain and associated EF 

difficulties, see Figure 1-3 (Kalpakidou et al., 2014; Nosarti et al., 2014).  

The most consistent domains found to account for academic difficulties, and the 

strongest predictors of academic attainment, are speed of processing and working 

memory abilities (Rose and Feldman, 1996; Rose, Feldman and Jankowski, 2002; 

Mulder, Pitchford and Marlow, 2010). Commonly these two domains are 

considered to be linked: processing speed may mediate EF performance (Rose and 

Feldman, 1996; Bull and Johnston, 1997; Rose, Feldman and Jankowski, 2002, 2009, 

Mulder, Pitchford and Marlow, 2010, 2011b). The study by Mulder et al. (2010), 
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found a global deficit in processing speed the likely explanation of some of the 

difficulties in academic attainment observed within their study (Mulder, Pitchford 

and Marlow, 2010). However, this group also reported working memory abilities 

were independently predictive of later academic achievements.  

Bull and Johnston (1997) proposed that mathematical difficulties are likely to be 

explained by information processing speed. Two theories were put forward by this 

group; firstly, reduced speed of processing could reflect the way the brain processes 

information as a whole and therefore the speed of completion of mathematical 

problems is thereby reduced. Alternatively, recall of basic information within 

crystallised knowledge and failure to automate simple mathematical operations 

could also explain performance difficulties within these children (Bull and Johnston, 

1997).  

The inclusion of processing speed, specifically verbal processing, and working 

memory in a predictive model of academic outcome, the same amount of variance 

was accounted for as full scale IQ (Mulder, Pitchford and Marlow, 2010). Due to the 

relationship between working memory and processing speeds in determining 

academic attainment, it would be valuable to study longitudinally from the early 

years to investigate how early these functions predict later capabilities. 

When exploring EF abilities in the early years, it is valuable to consider when the 

construct is evaluable in terms of first emergence, the differentiation and the 

trajectory of the construct through childhood. The literature is divided on the topic 

of EF and its developmental trajectory, and in order to make predictions about later 

functioning based on specific aspects of this construct, it is important to consider 

the likelihood of targeting such domains when they are in their infancy. Section 1.2 

explores the multiple theories surrounding EF. 

1.1.3 Current clinical practice 

Due to the recognised risk associated with preterm birth, several strategies are in 

place to evaluate outcomes in very preterm children (Kallioinen et al., 2017; NICE, 
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2017). Before the release of the updated NICE guidelines in August 2017, standard 

practice in the UK following preterm birth of before 32 weeks gestation required 

infants to be followed up at 4 time points after discharge from hospital; at 3, 6, 12 

and 24 months of age. The most recent guidelines include an additional follow-up 

within the fourth year (NICE, 2017). The most frequently used standardised 

assessment in preterm follow-up clinics in the first two years after discharge is the 

Bayley-scales of Infant and Toddler Development (current version, edition III) 

(Bayley, 2006). These follow-ups are recommended to all clinics, however, 

variations in practical and economic allowances across difference hospital trusts 

may mean assessments such as these are not always performed. Tracking the 

development of these children in this crucial and the nature of these assessments 

should work in theory, but this does not always translate into clinical practice. 

Multiple hour-long assessments are expensive and require well-structured 

comprehensive follow-up services. The difficulties in implementing these practices 

suggest a need to address the ease of follow-up in this population, potentially 

calling for faster and more efficient methods of assessment. 

In addition to these clinical implications, many studies have reviewed the current 

edition of the Bayley following concerns regarding the sensitivity and predictive 

validity of the tool (Milne, McDonald and Comino, 2012; Aylward, 2013; Spittle et 

al., 2013; Johnson, Moore and Marlow, 2014; Mansson and Stjernqvist, 2014; 

Spencer-Smith et al., 2015; Anderson and Burnett, 2017). The overwhelming 

conclusion of the majority of these studies finds the current edition not sensitive 

enough to detect children with mild cognitive impairments. Although not originally 

designed to predict IQ, the Bayley-III is commonly reported to under-identify those 

likely to later present with cognitive impairments, and exhibits particular difficulty 

in recognising those that fall within the mild impairment range that are likely to 

require additional assistance before starting school (Anderson and Burnett, 2017). 

Prior to the Bayley-III, the Bayley-II was the most frequently used infant 

developmental assessment and yielded much professional confidence (Johnson and 

Marlow, 2006). Upon an update to the test, the re-standardisation procedure used 

different reference population strategies, including seeding the population with 
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poorly performing groups.  Final scores were found to be 7 points higher than 

Bayley-II according to the publisher (Bayley, 2006; Moore, Johnson, et al., 2012).  

This lower sensitivity at lower scores and a non-linear relationship with the Bayley-

III brings challenges when targeting the detection of mild impairments as in preterm 

cohorts (Moore, Johnson, et al., 2012). The proposition from a number of studies to 

overcome this insensitivity in the first instances is to use 1 standard deviation below 

the norm, or to formulate a local control reference for the purposes of research 

(Marlow, 2013; Spencer-Smith et al., 2015). 

Assessments at 2 years of age also show poor predictive validity of cognitive 

performance at 5 (Potharst et al., 2012). Development of better measures is 

therefore essential before successful interventions can be put in place that work to 

improve later outcomes. This emphasizes the importance of obtaining a greater 

understanding of the domains that underpin the cognitive deficits later observed, 

and the subsequent need to identify the development profile and trajectory of 

specific domains. This will allow the necessary predictions to be made regarding 

which infants may benefit from intervention services. More broadly, early 

interventions have shown to have advantageous effects on the developmental 

profile within infancy and leading on to improved cognitive performance at 

preschool age, including in preterm populations (Spittle et al., 2007; Hadders-Algra, 

2011). However, evidence is limited that interventions significantly improve longer 

term cognitive performances within ex-preterm children, supporting the 

requirement of more extensive research (Spittle et al., 2007).  

A key factor to consider in the assessment of premature cohorts is the adjustment 

for age at birth. Accounting for prematurity in developmental assessments has been 

a long running discussion within the literature. The disagreements stem from two 

viewpoints: the biological opinion and the environmental opinion. The biological 

perspective states development takes a set time from conception. Originally 

proposed by Gesell and Amatruda (1947) (for review see Wilson and Cradock, 

2004), they stated development was dictated by time itself and was not influenced 

by external factors. As such, a preterm child would lag behind a term born child on a 
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developmental basis, at least initially, due to the underdeveloped central nervous 

system. Once the nervous system was fully developed the opinion within the 

ƭƛǘŜǊŀǘǳǊŜ ŜƳǇƭƻȅŜŘ ǘƘŜ ŎƻƴŎŜǇǘ ǘƘŀǘ ΨŎŀǘŎƘ ǳǇΩ ƎǊƻǿǘƘ ǿƻǳƭŘ ƻŎŎǳǊ ŀƴŘ ǘƘŜ 

preterm child would meet the developmental stage of a term born within the first 

few years after birth. On the contrary, the environmental perspective suggests that 

development is primarily driven by external influences and the exposure to the 

outside world, with factors such as medical care and parental stimulation, advances 

and aids development (Wilson and Cradock, 2004). In support of this is the research 

into the benefits of higher social economic status effects on developmental 

achievement (Tideman, 2000; Hack, 2006). In any regard, the set clinical practice 

following preterm birth is to utilise correction for gestational age as proportionately 

using a biological basis, the assessment at chronological age puts preterm children 

at a disadvantage, and this disadvantage increases with lower gestational age 

(Wilson-Ching et al., 2014). Therefore in the current investigation adjusted ages will 

be utilised. 

1.2 Development of Executive function 

Executive function, executive or cognitive control (Diamond, 2006), as discussed, 

are terms used to encompass a number of cognitive abilities. Multiple attempts 

ƘŀǾŜ ōŜŜƴ ƳŀŘŜ ǘƻ ŎƭŜŀǊƭȅ ŘŜŦƛƴŜ ǘƘŜ ǘŜǊƳ Ψ9ȄŜŎǳǘƛǾŜ CǳƴŎǘƛƻƴΩ ό9CύΣ ŀƴŘ ŀǎ 

described by Bohm et al. (2004), these various different explanations clearly 

demonstrates the complexity of the system. The general consensus is EFs include 

our ability to plan, inhibit behaviours, shift between tasks, use and understand 

verbal and non-verbal communication, sustain and manipulate information within 

our working memory, and in some instances, our attentional abilities. These are 

often condensed into three main areas: cognitive flexibility, working memory, and 

inhibition (Diamond, 2013). The purpose of these domains are to work together to 

in order to achieve a personal or social goal (Bohm, Smedler and Forssberg, 2004; 

Mulder et al., 2009). This three part model is supported by studies in pre-adolescent 

children and adults. However, Miyake and colleagues have recently proposed a new 
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framework that includes an additional common EF factor, considered to account for 

the similarities that overlap the three factor model (Miyake and Friedman, 2012). 

There are several theories regarding the development of EF. Some preschool 

children are described as having executive dysfunction due to the lack of control 

over these abilities within the early years. Exactly when and how these different 

domains come into play is still a matter of debate (Isquith et al., 2005). Multiple 

models have been put forward to explain the emergence of these abilities, three of 

most the predominant models are briefly discussed and summarised in Figure 1-5. 

Miyake et al., (2000), built a model around the focus of the inter-relatability and the 

independent nature of the three main EFs; cognitive flexibility, working memory 

and ƛƴƘƛōƛǘƛƻƴΦ Ψ¢ƘŜ ǳƴƛǘȅ ŀƴŘ ŘƛǾŜǊǎƛǘȅ ŦǊŀƳŜǿƻǊƪΩ derived from their research in 

2000, concluded that there is both unity and diversity within the EF domains, with it 

possible to measure each as separate entities, but all correlate in terms of overall 

function. When investigating traditional paradigms in relation to their model, 

Miyake and colleagues results suggested that each EF domain contributed 

differently to the performance on each task, reaffirming the consideration of each 

as distinct functions with underlying commonality (Miyake et al., 2000).  Following 

additional research, the group went on to further develop this model, delving 

deeper into the unity that connects the three sub-skills. This led to the group 

proposing an additional factor within the model, termed common EF, and refers to 

the cognitive underpinnings consistent across the three domains, whilst 

simultaneously considering what makes each domain unique. When using this 

model including the unity across measures, flexibility and updating (working 

memory), all appeared independent factors and explained differences in inhibition 

(Figure 1-5). The authors drew three further conclusions when considering 

variability in EF. Firstly that genetic variations may contribute to the overall 

functioning of the sub-domains; secondly that individual variability may relate to 

ΨŎƭƛƴƛŎŀƭƭȅ ŀƴŘ ǎƻŎƛŜǘŀƭƭȅ ƛƳǇƻǊǘŀƴǘ ōŜƘŀǾƛƻǳǊǎΩ and by extension therefore effecting 

the performance on EF tasks; and lastly that variability also presents with 

developmental stability (Miyake and Friedman, 2012). The final point is 
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fundamental in relation to the current thesis. Although their work focused around 

the composition of EF in adult populations, the changes in relationship across the 

different domains remained consistent over longitudinal measures. Many authors 

subscribe to the view that childhood EF is a unitary concept (Wiebe, Espy and 

Charak, 2008; Hughes et al., 2010) as developmental studies into the three factor 

view have produced mixed results (Lehto et al., 2003; Huizinga, Dolan and van der 

Molen, 2006; Howard, Okely and Ellis, 2015).  

Reports of differentiation in performance across EF sub-skills have been observed in 

the early year studies (Lehto et al., 2003; Huizinga, Dolan and van der Molen, 2006). 

However, the interpretation of this differentiation and the extent of each sub-skills 

contribution to the overall construct is not consistent (Howard, Okely and Ellis, 

2015). The predominant finding, and the most consistent interpretation 

independent of EF tasks administered, suggests the unified concept best fits EF 

performance in the early years and differentiates in later childhood (Tsujimoto, 

Kuwajima and Sawaguchi, 2007; Wiebe, Espy and Charak, 2008; Hughes et al., 2010; 

Brydges et al., 2014). 

Aspects of the Miyake model resonate with the EF model put forward by Anderson 

in 2002. The proposition in this model is EF performance is conditional on selective 

attentional processes. This hierarchical view of EF suggests a gradual development 

of the other EF sub-skills. In this model Anderson considered the following 

composition as EF: cognitive flexibility, goal setting and information processing. 

Within this model all sub-skills develop independently and combine over time, 

finally presenting as overall executive control or EF (Anderson, 2002). Anderson 

concluded that the different executive domains ŎƻƳŜ Ψƻƴ-ƭƛƴŜΩ ŀǘ different points in 

development: attentional control appears between 9 and 12 months, cognitive 

flexibility and goal setting behaviours at 3 to 4 years, and information processing 

speed only shows measurable improvements in later childhood, although it is 

measureable in infancy (Anderson, 2002). Not typically considered a sub-skill to EF, 

the inclusion of information processing in this construct was justified due to strong 

correlation between EF abilities and speed of response defining performances. By 
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including the neural integrity of the circuits involved, speed of performance is 

accounted for within the model (Anderson, 2002). Both models proposed by 

Anderson and Miyake consider the sub-skills of EF to be inter-related. Although 

Anderson proposes a hierarchical emergence of these abilities, the continuity of an 

underlying relationship between the EF sub-domains is clear in the two theories 

(Miyake et al., 2000; Anderson, 2002). 

An alternative widely accepted model of EF was offered by Barkley (Barkley, 1997, 

2001). Barkley was the first to propose a hierarchical, evolutionary based model for 

the development of EF throughout the early years, with a focus on the development 

of inhibitory abilities in the first instance (Barkley, 1997). Barkley states that 

inhibitory abilities are an essential part of EFs as they predominantly determine self-

directed behaviours; without inhibition, self-directed decisions and goals are not 

possible as prepotent responses interfere with the control. It is proposed that the 

development starts with simple motor inhibition, proceeding to aspects of working 

memory, internal thoughts, flexible thinking and planning. Subsequently 

developmental advancements during childhood creates goal-directed behaviour, 

impulse control becomes more refined and complex attentional skills develop 

(Barkley, 1997, 2001). 

Opinions continue to differ on the true likely representation of EF structure within 

the developmental pathways. As better understandings of how the EF sub-domains 

emerge, improvements in the detection of early signs of dysfunction would be 

anticipated (Isquith et al., 2005). Garon et al. (2008) reviewed the unitary and 

differentiated models in regards to the developmental literature, concluding that 

before 3 years of age, basic EF abilities are emerging, but once beyond this age, 

crucial integration and coordination of the cognitive processes occurs, advancing EF 

performance. If considering this in the context of the preterm literature, whilst 

mindful of findings suggestive of domain specific difficulties within this population 

later in life, it remains to be seen whether it is possible to detect early EF difficulties 

emerging before 3 years, irrespective of the structure of EF abilities in these early 

years. 
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The review in the following sections will provide further insight into what is known 

about emergence of EF in both typically developing and preterm populations, 

before revisiting and reviewing the three models in relation to the preterm 

literature. 
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Figure 1-5. Schematic representation of three EF models commonly referred to within developmental literature. 
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1.2.1 Cognitive flexibility 

Cognitive flexibility, or the shifting of mental states (Miyake et al., 2000) is the 

ability to focus, shift and combine information from various sources, moderate and 

adapt behaviour following mistakes, and formulate plans for action (Anderson, 

2002; Diamond, 2012). The ability to plan is vital for achieving specific goals and first 

appears around 7-8 months, becoming more advanced with age. The development 

of this skill is seen to advance over childhood and improves greatly between 18 to 

27 months. At this age, children can recognise a goal and construct a sequence of 

actions in order to achieve it (Sun and Buys, 2012a). Plans that need conceptual 

reasoning appear too difficult before the age of 4 and only advance considerably 

between the ages of 7 to 11 years (Anderson, 2002).  

The use of the other EF domains is often considered necessary in order to achieve 

shifting in mental state. Inhibition is required to ignore a previous perspective, and 

working memory is required in order to actively process the new view (Diamond, 

2013). The dependence of flexible thinking on the other two EF sub-skills creates 

problems when attempting to identify pure cognitive flexibility, and often, if 

difficulties are observed in one domain, another is likely impaired (Nosarti et al., 

2007; Aarnoudse-Moens, Weisglas-Kuperus, et al., 2009).   

Immaturity of this domain is thought to be reflected in perseveration responses to 

cognitive flexibility tasks. Perseveration in this context, refers to the failure to 

modulate a response following the presentation of new information, instead the 

previously acquired response is repeated. Tasks that typically assess this domain 

ŎƘŀƭƭŜƴƎŜ ŀ ŎƘƛƭŘΩǎ ŀōƛƭƛǘȅ ǘƻ ǳǎŜ ƛƴŦƻǊƳŀǘƛƻƴ ǇǊƻǾƛŘŜŘ ōȅ ŎǊŜŀǘƛƴƎ ŀn established 

response set before introducing a rule change that challenges that response. The 

more complex the rule change, the harder it is for children to incorporate the 

information to modify their behaviour. This skill continues to develop and advance 

throughout middle childhood and into adolescence (Anderson, 2002).  
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Cognitive flexibility in later childhood  

In general, performance deficits on cognitive flexibility tasks appears to be a 

consistent finding in preterm populations from childhood and into adulthood 

(Nosarti et al., 2007; Aarnoudse-Moens, Weisglas-Kuperus, et al., 2009; Rose, 

Feldman and Jankowski, 2011; Eryigit Madzwamuse et al., 2015). However, 

cognitive flexibility deficits are often reported alongside other EF domain 

difficulties. The meta-analysis of neurobehavioral outcomes in children born 

preterm by Aarnoudse-Moens, Weisglas-Kuperus, et al., (2009) found a decrement 

in cognitive flexibility performance across 12 studies with a moderate effect size. 

This, however, was not a specific deficit, as working memory and verbal fluency 

performances were also weaker in the preterm group compared to the controls. 

Nosarti et al., (2007) investigated EF performance in ex-preterm adults, with the 

predominant deficits observed in cognitive flexibility, inhibition and visual motor 

speed. When looking between these age groups, 11 year old ex-preterm children 

have been reported to present with deficits in all 3 EF domains (Rose, Feldman and 

Jankowski, 2011).  

Although not directly comparable, discrepancies across these studies could suggest 

developmental changes in EF within ex-preterm cohorts, as domain specific 

differences impact performance differently with age. Detailed longitudinal 

exploration into cognitive performance would be required to explore this further as 

each study above utilised different paradigms and had differing inclusion criteria. 

What is transparent from previous research, however, is that ex-preterm 

populations demonstrate cognitive flexibility difficulties from childhood extending 

into adult life. 

Emergence of cognitive flexibility during infancy and early childhood 

When difficulties in cognitive flexibility emerge is not clear. The focus of many 

research studies is in the determination of which domain displays the greatest area 

of difficulty in ex-preterm children. Although poorer performances are detected in 
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cognitive flexibility in older childhood, such difficulties have not been a consistent 

finding in toddlers aged 2 to 3, although research in this age range is minimal. Espy 

et al., (2002), did not find differences in term and preterm performances on a 

spatial reversal task, thought to assess shifting abilities. In contrast, a multi-facet 

study by Pozzetti et al., (2014) identified cognitive flexibility as the only EF domain 

in a multi-factor analysis to show significant differences between groups. Both 

studies utilised reversal paradigms whereby the child was instructed to find a 

reward repeatedly in a specific location and once a criterion of correct responses 

was reached, the location was switched. Rule reversal paradigms are often 

considered an assessment of cognitive flexibility. However, in order to achieve a 

correct response, inhibition of the previous rule is fundamental, presenting a 

problem in interpretation. The multi-factorial approach by Pozzetti et al., (2014) 

attempted to account for the interrelated nature of such tasks, creating composite 

scores from different tasks for each EF domain. Tasks such a Multi-Location Multi-

Step (MLMS) paradigm, although predominantly is thought to target cognitive 

flexibility, likely recruits all EF sub-skills. This task therefore provided multiple 

variables to add to the Exploratory Factor Analysis conducted by Pozzetti et al. 

(2014). Although in principle this exploration could provide insight into the 

variability of EF domain performances in a preterm population, there are many 

limitations. Fundamentally, although the authors provided rationale in regards to 

the primary outcome variables that contributed to each EF factor composite score, 

as this was a new approach, there was no evidence to support the choice of 

variables selected (Pozzetti et al., 2014).  

These findings stress the difficulties in separating the performances of the different 

EF domains. Although attempts have been made to distinguish between EF sub-

skills, even in the adult literature there it is a challenge in particular with cognitive 

flexibility due to the nature of the sub-skill. The adult literature is fairly consistent, 

as EF difficulties appear to be a typical finding within preterm populations, 

irrespective of whether flexibility is a specific issue. In early childhood, although 

some findings suggest cognitive flexibility may be the preliminary domain displaying 

difficulty in ex-preterm toddlers, this is far from consistent and research is sparse.  
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1.2.2 Working memory 

Working memory is the ability to retain information in mind whilst executing a given 

task, or manipulating information in order to achieve a desired goal. Working 

memory helps us to plan and enables us to hold alternative views in mind, 

connecting it to cognitive flexibility. This ability also facilitates giving directions and 

linking current, future and past events (Diamond, 2006). Working memory has been 

reliably observed to be typically detectable between 8 and 12 months, however a 

review of the literature by Reznick et al., 2004, suggests working memory abilities 

can be detected in those as young as 6 months. This ability develops and matures 

with age, increasing in capacity and ability to handle more complex information 

(Sun and Buys, 2012a).  

Working memory in later childhood 

Within the preterm literature, difficulties with working memory, although not the 

exclusive problem, have been widely reported in school age children (Aarnoudse-

Moens, Weisglas-Kuperus, et al., 2009; Hutchinson et al., 2013). As illustrated in the 

previous section, results are often mixed as to whether the deficit resides 

independently within the working memory domain and/or is coupled with other EF 

subskills (Bohm, Smedler and Forssberg, 2004). Working memory has been reported 

as a specific deficit in preterm cohorts in some instances. A study by Mulder et al., 

(2010) explored the impact of EF deficits on academic outcomes in middle 

childhood. Working memory appeared to predict attainment outcomes 

independent of verbal processing speed, a measure that mediated the relationship 

between the other EF domains and academic outcomes. Research in ex-preterm 

adolescent and adult cohorts suggest difficulties in working memory may improve 

with age (Rushe et al., 2001; Saavalainen et al., 2007), however this is not a 

consistent result (Breeman et al., 2015).   

These independent and coupled deficits within the EF domains have been linked 

with poorer mathematical abilities in typically developing cohorts (Bull and Scerif, 

2001). As discussed in section 1.1.2, difficulties in mathematics are frequently 
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reported within preterm populations and many studies have found associations 

between this academic area and working memory deficits (Bull, Espy and Wiebe, 

2008; Mulder, Pitchford and Marlow, 2010; Simms et al., 2013).  

Emergence of working memory during infancy and early childhood 

Few studies have explored possible early signs of working memory deficits in ex-

preterm children. Traditional assessments of working memory in infancy use 

delayed-response type tasks, in which an object of interest is hidden and following a 

set period of delay, the infant is required to attempt to locate it (Diamond and 

Doar, 1989; Reznick et al., 2004). A study by Sun et al. (2009), found preterm infants 

as young as 8 months showed poorer performance on an A-not-B tasks (AB task) 

(Piaget, 1954) compared to term born peers, after adjusting for global cognitive 

performance ό{ǳƴΣ aƻƘŀȅ ŀƴŘ hΩ/ŀƭƭŀƎƘŀƴΣ нллфύ. However, the AB task is highly 

dependent upon inhibition of prepotent responses and requires cognitive flexibility 

to modulate responses, thus interpretation of performance cannot be assigned to 

one domain (Espy et al., 1999).  

Preterm born children aged 2 to 3 years have been reported to display poorer 

performances in tasks such as the Delay Alteration Task, designed to assess spatial 

working memory abilities (Espy et al., 2002). Behavioural differences to spatial 

working memory tasks have also been reported at 3 to 4 years using delayed 

location recall tasks (Vicari et al., 2004; Baron et al., 2010). In contrast, Pozzetti et 

al., (2014) did not observe specific working memory deficits ǿƘŜƴ ǳǎƛƴƎ ŀ ΨǎǇƛƴ ǘƘŜ 

ǇƻǘǎΩ ǇŀǊŀŘƛƎƳ. The discrepancy between studies could be explained by the 

different tasks used to explore these abilities. The delay alteration/delay location, 

require toddlers to wait before the retrieval of a reward from one of 2 or 3 set 

locations, the time delay before retrieval gradually increasing as a measure of 

performance (Vicari et al., 2004; Baron et al., 2010). The spin the pots paradigm 

require toddlers to locate a number of different rewards from different locations 

that were spun following the start of the trial, no time delay is imposed (Pozzetti et 

al., 2014). It could be speculated that different aspects of working memory are 

being targeted in the two paradigms; the delayed alteration imposing a greater 
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demand on spatial working memory, whereas the spin the pots task demands 

greater memory for colour and shape of reward location. Both require working 

memory of visual information, however, the specific mechanisms underlying these 

differences require further exploration. 

The proportion of studies to observe differences within this EF domain is certainly 

suggestive of a working memory deficit in preterm populations. Further clarification 

on when these differences first emerge, and if it is possible to reliably identify 

specific working memory abilities in the first years of life, still remains to be seen. 

1.2.3 Inhibition 

Inhibition, is the ability to ignore irrelevant stimuli to the task at hand and to control 

behaviour (or thoughts) by preventing a response and/or replacing it with another 

(Diamond, 2006). It is thought to first appear between 7 and 12 months of age (Sun 

and Buys, 2012a). The signs of significant improvement within EF tasks that require 

working memory and inhibition occur between the ages of 3 to 5 years (Rennie, Bull 

and Diamond, 2004). Inhibition continues to mature throughout childhood, when 

exercising discipline and controlling emotions (Diamond, 2012).  

Deficits in inhibition can lead to uncontrolled impulsive behaviours and are 

associated with disorders such as ADHD, the disorder that formed the basis of 

.ŀǊƪƭŜȅΩǎ EF model, which considers inhibition as the fundamental domain of 

executive control (Barkley, 1997; Diamond, 2012; Sun and Buys, 2012a).  

Inhibition in later childhood  

ADHD is often a diagnosis made in children born preterm (Bohm, Smedler and 

Forssberg, 2004), although there is speculation whether this population has a 

ΨpurerΩ form of attentional disorder, specifically inattention, as hyperactive 

behaviour is not always reported (Johnson, 2007). Nevertheless, the impulsivity 

observed in those with ADHD is often apparent within ex-preterm cohorts from 

childhood through to adolescence (Bohm, Smedler and Forssberg, 2004). Impulse 

control is commonly defined within the development literature as the inhibition of 
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actions and control of emotions (Hammond, Potenza and Mayes, 2011). Bohm et 

al., (2004) found impulse control deficits in a cohort of preterm 5 year olds after 

adjusting for IQ, which were associated with later academic difficulties (Bohm, 

Smedler and Forssberg, 2004). This observation is reflected in a later study using a 

rapid visual processing task in ex-preterm 11 year olds, where the preterm 

participants displayed a greater rate of false alarms. These deficits do not appear to 

dissipate, as studies of ex-preterm adults present with marked deficits in tasks 

requiring response inhibition. These fundamental difficulties are speculated to stem 

from deficits in inhibitory control and mental flexibility (Nosarti et al., 2007). 

Emergence of inhibition during infancy and early childhood 

Few studies have investigated inhibitory control in the preschool years (Aarnoudse-

Moens, Weisglas-Kuperus, et al., 2009). Tasks such as the Bear Dragon paradigm 

(Kochanska, Murray and Harlan, 2000), where the child has to follow the 

instructions of one puppet and ignore those given by the other, or the Gift Delay 

Open task (Carlson, 2005), where the child has to wait to open a present until told, 

are both classic tasks of inhibition. In children born preterm, gestational age has 

been shown to be a significant predictor of performance on these tasks (Duvall et 

al., 2015). However, paradigms that include conflicting instructions, such as the 

bear/dragon, have a high working memory load (Carlson, Mandell and Williams, 

2004). Delayed response tasks, such as the Gift Delay Open task (Carlson, 2005), 

have a lower working memory load, but limited sensitivity, because they are 

typically scored as pass or fail according to an arbitrary predefined time limit. 

Delayed response tasks are commonly used to assess inhibition from the ages of 3 

onwards (Carlson, Mandell and Williams, 2004); before this age, children lack the 

ability to comprehend task instructions.  Other paradigms, such as the Snack Delay 

(Kochanska et al., 1996), have been used on children under 3 years, but in 

populations where language is delayed, as in some cases of children born 

premature, this can confound study interpretations as language abilities are 

influential on task performance (Cuskelly, Einam and Jobling, 2001). 
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Within the first year, the traditional Piagetian A-not-B paradigm, considered later in 

this thesis, has previously been considered to represent inhibitory abilities. As noted 

however, working memory is also fundamental to this tasks success (Diamond and 

Goldman-Rakic, 1989). Difficulties in attempts to parcel out the different EF 

domains in the preschool period are in part constrained by the limited assessment 

structure available at these younger ages due to restricted behavioural repertoires 

(Wiebe, Espy and Charak, 2008). Many tasks require infants either to make 

repetitive responses, respond to rule changes, and/or retrieve hidden objects. 

These factors make targeting one ability without the incorporation of others very 

difficult. Although a combination of tasks that are thought to predominantly target 

different domains can be used in an attempt to highlight specific differences, the 

interpretation and validity of findings is challenging (Pozzetti et al., 2014). 

1.2.4 EF overview 

The literature is clearly undecided regarding which domain has the greatest 

influence on later cognitive performance. There is an emerging consensus that a 

specific working memory deficit is likely to be the primary cause of the difficulties 

observed in this population in older children and into adulthood. When exploring 

the extent of problems over a range of functions in preterm cohorts, many studies 

report deficits within the other EF domains, of which are not fully explained by IQ 

scores (Botting et al., 1998; Bohm, Smedler and Forssberg, 2004; Neil Marlow et al., 

2007). The possibility of domain specific differences in later childhood/early 

adulthood are in agreement with the literature exploring the structure of executive 

control, suggesting differentiation of EF occurs later in development (Miyake et al., 

2000). As the current review suggests, in infancy and later childhood, assessing one 

of these domains without the influence of another is challenging (Beauchamp et al., 

2008).  

There are mixed reports regarding EF abilities in ex-preterm children aged 2 to 3 

years, possibly due to attempts to address when specific EF domains emerge (Espy 

et al., 2002; Pozzetti et al., 2014). Although tasks can be argued to target a 

predominant EF domain, the other sub domains are typically involved in task 
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performances. It is therefore not possible to categorically conclude where specific 

deficits originate with the use of these tasks. Ex-preterm toddlers EF abilities 

require further investigation, perhaps with a focus of exploring EF as a unitary 

concept, in order to clarify overall stability of the construct and not in an attempt to 

parcel out the different domains.  

Very few studies track cognitive performance longitudinally to explore the 

developmental trajectory of EF (Anderson, 2014).  To the authors knowledge, the 

only study investigating cognitive performance at multiple time points across the 

first two years after birth in a preterm cohort was the study conducted by Lobo and 

Galloway (2013), who investigated the stability of learning in this early period of 

life. The focus of this study was related to the trajectory of EF, but rather fixated on 

ǘƘŜ ƛƴŦŀƴǘǎΩ ŀōƛƭƛǘȅ ǘƻ ƭŜŀǊƴ ǿƛǘƘƛƴ ǘƘŜ ŜŀǊƭȅ ƳƻƴǘƘǎΣ ŀǎ ŀ ƳŜŀƴǎ ƻŦ ƛŘŜƴǘƛŦȅƛƴƎ 

learning difficulties later in life (Lobo and Galloway, 2013).   

Irrespective of differences in opinion regarding the structure of EF and which 

abilities make up each sub-domain, it is clear that ex-preterm children, and later 

adults, have difficulties in these cognitive abilities. In later life, there is evidence to 

suggest that specific domain differences may account for these cognitive deficits, 

but which is primarily responsible, is still a matter of debate. When difficulties in EF 

are first detectable remains unclear. Typically, studies have approached this 

question with attempts to determine when specific domain differences emerge in 

preterm populations. However, the evidence for the emergence of EF domains 

within typical cohorts also divides opinions. In studies of early development, it is 

apparent that classic paradigms do not allow for clear differentiation of the EF sub-

domains. With this taken into account, it is highly plausible that EF is a unitary 

construct that differentiates in later life. This is in accordance with the unity and 

diversity model presented by Miyake et al.,(2000) and is supported by previous 

reports in typically developing cohorts as the best fit for the development of EF 

(Wiebe, Espy and Charak, 2008). Thus in the current investigation we evaluated a 

series of classic EF tasks in very preterm and term infants, with the aim of 
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identifying the early signs of differential EF performance in the context of a 

longitudinal study. 

1.3 Attention 

First described by Posner and colleagues, attention is commonly conceived as three 

networks; orienting or selective attention; alerting, arousal or sustained attention; 

and executive control or simply executive attention (Posner and Petersen, 1990; 

van de Weijer-Bergsma, Wijnroks and Jongmans, 2008; Mulder et al., 2009). In this 

model, the orienting attentional network describes the spatial positioning of 

attention to surrounding stimuli, and is thought to be fully developed by 6 months 

of age (van de Weijer-Bergsma, Wijnroks and Jongmans, 2008). The alerting or the 

arousal network dictates focus in order to maintain continuous information 

processing abilities, and upon unanticipated  stimulation, creates a state of arousal 

(Amso and Scerif, 2015). Finally, the executive network refers to self-directed 

attentional behaviours and is largely connected to the wider range of EFs (van de 

Weijer-Bergsma, Wijnroks and Jongmans, 2008; Diamond, 2013). This 

multidimensional construct brings together these three systems in order to achieve 

higher-order processing as well as coordinating and responding to sensory and 

motor stimulation (van de Weijer-Bergsma, Wijnroks and Jongmans, 2008; Scerif, 

2010).  

The developmental trajectory of these networks is again complex because they are 

inter-related. In infancy, the first of the networks to be observed is that of arousal 

and orienting of visual attention. Evaluation of this network is often driven by the 

response to novel stimuli and a large proportion of investigations focus on the 

ƛƴŦŀƴǘΩǎ ŀǘǘǊŀŎǘƛƻƴ ǘƻ ŦŀŎes (van de Weijer-Bergsma, Wijnroks and Jongmans, 2008; 

Scerif, 2010). This focus on highly salient stimuli can lead to difficulties in 

ŘƛǎŜƴƎŀƎŜƳŜƴǘ ƻŦ ŀǘǘŜƴǘƛƻƴΣ ǘŜǊƳŜŘ ΨǎǘƛŎƪȅ ŀǘǘŜƴǘƛƻƴΩΦ ¢Ƙƛǎ Ψōƭŀƴƪ ǎǘŀǊŜΩ ƛǎ ƴƻǘ 

necessarily a measure of visual processing, as discussed in detail within the visual 

habituation literature (Stechler and Latz, 1966). Visual habituation is a technique 

developed as a means of trying to assess early information processing in infants. 

Initially when presented with a novel stimulus, an infant will maintain visual focus. It 
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is assumed that the time spent observing the stimulus reflects internal processing. 

With repeated exposure to a stimulus, the looking time decreases, termed a 

habituation response. Current theories suggest the faster the speed of habituation 

the more efficient the visual processing of the infant. Look durations increase with 

age, and are thought to reflect improved disengagement of attention and improved 

efficiency of information processing (van de Weijer-Bergsma, Wijnroks and 

Jongmans, 2008; Kavsek and Bornstein, 2010).  

In infancy, attentional networks have been found to be highly correlated with 

processing speeds and early EF abilities (Garon, Bryson and Smith, 2008). Although 

the precise mechanisms are not yet clearly defined, paradigms such as the Ψ±ƛǎǳŀƭ 

{ŜŀǊŎƘ ǘŀǎƪΩ (Scerif et al., 2004) and the Gap Overlap task (Atkinson et al., 1992; 

Hood and Atkinson, 1993) are thought to tap into this relationship. The Gap overlap 

paradigm requires disengagement of visual attention from a central stimulus and 

shifting gaze to the periphery (Atkinson et al., 1992; Hood and Atkinson, 1993). It is 

proposed that those who disengage at a faster rate are then able to reengage with 

an alternative image and process scenes quicker than those with difficulties (Rose, 

Feldman and Jankowski, 2002). This is a paradigm that will be used in the current 

study as it may be used in infancy through to the preschool years, thereby providing 

longitudinal observation of the development of disengagement measures within a 

preterm population. 

Alerting, arousal or sustained attention is observed in infancy and early childhood. 

Although a 3 network model is often reported within the attentional literature, the 

overlap between the development trajectories of sustained and selective attention 

has led some to postulate whether a two arm model is more appropriate; selective 

and sustained attention as one network, executive attention as the other (Steele et 

al., 2012). In any regard, the capacity of the sustained attentional network allows 

for active information processing due to a sustained state of arousal. This is often 

observed during play sessions, when infants or toddlers display a prolonged interest 

in a specific object (van de Weijer-Bergsma, Wijnroks and Jongmans, 2008). In 

laboratory settings, the Continuous Performance Task has been used to assess 
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sustained attention, whereby the child presented with a stream of continuous 

stimuli is asked to respond to a specific infrequent target (Akshoomoff, 2002).  

Over the toddler years, playing behaviours develop becoming self-directed and 

planned; this is considered a function of the executive attentional network. This 

network has strong associations to the EF domains: cognitive flexibility, working 

memory and inhibitory abilities (van de Weijer-Bergsma, Wijnroks and Jongmans, 

2008). Executive attention is often associated with activity in the Dorsolateral 

Prefrontal Cortex, a region also highly linked to EF abilities (see Figure 1-3) (van de 

Weijer-Bergsma, Wijnroks and Jongmans, 2008). ¢ƘŜ ΨŦƭŀƴƪŜǊ ǘŀǎƪΩ has previously 

been considered a measure of executive attention, where a child or adult, is asked 

to select a responses that correspond to a visual target stimulus, and ignore the 

distractor stimuli, presented either side (Rueda et al., 2004). The interrelated nature 

of these attentional networks and EF means that ƻōǘŀƛƴƛƴƎ ŀ ΨǇǳǊŜΩ ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ 

any attentional networks is not easily achieved and is often assessed as part of EF 

tasks. For example, the Flanker task is predominantly regarded as an assessment of 

inhibition, although attentional abilities are certainly likely to impact performance 

(Steele et al., 2012).  

The dual network model proposed by Steele et al. (2012) suggests the selective and 

sustained attentional networks, although they may be more closely related in 

childhood, differentiate during development. The developmental trajectory of these 

networks may show a similar structure to the emergence of EF domains (Steele et al 

2012; Wiebe et al., 2011).  

In ex-preterm infants, paradigms that assess visual orienting within the first 6 

months have observed difficulties with gaze shifting behaviour. Errors in gaze shift 

tasks include specific looks away from central fixation stimuli and more general 

looks away from task equipment. Butcher et al. (2002) explored the developmental 

trajectory of shift patterns in term and preterm born cohorts. Over development, 

term born infants were observed to make more errors compared to preterm 

infants. The authors interpreted this increase in looks away from task stimuli as the 
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emergence of disengagement behaviour, the ability to inhibit attention to salient 

stimuli, and required for high level cognitive processing. This more mature looking 

behaviour was not observed in the ex-preterm infants (Butcher et al., 2002). 

However, these differences in gaze shift patterns are not consistent across the 

literature. Rose et al., (2001) reported comparable gaze shifting behaviour across 

the first year after birth in a longitudinal cohort of term and preterm infants. Gaze 

patterns advanced with age at a similar rate within both cohorts, with shorter looks 

to targets and faster shift rates at the later time point (Rose, Feldman and 

Jankowski, 2001). Shift rates, although indicative of attentional processes, are also 

utilised in the investigation of information processing speeds, another area 

postulated to be affected by preterm birth (Rose, Feldman and Jankowski, 2002; 

Mulder, Pitchford and Marlow, 2011a) and explored in section 1.4. 

Preterm children and adults are more frequently assigned diagnoses of ADHD (van 

de Weijer-Bergsma, Wijnroks and Jongmans, 2008), alongside a range of 

psychological disorders, in particular the inattentive subtype (Johnson, 2007; 

Lawrence et al., 2009; Jaekel, Wolke and Bartmann, 2013).  Among those who do 

not meet diagnostic criteria there is an excess of sub-clinical symptoms (Johnson, 

2007). The propensity for inattention may explain some of the learning difficulties 

found among preterm populations and the effect may be independent of general 

cognitive performance (Jaekel, Wolke and Bartmann, 2013).  In one study a battery 

of EF tasks, including attentional measures, explained variance in cognitive and 

behavioural scores between a very preterm and term born populations, but the 

majority was explained by working memory and visual processing speeds (Mulder, 

Pitchford and Marlow, 2011b). Behavioural inattention observed in the classroom 

may be related to what we understand to be the neuropsychological attentional 

networks (discussed below), but to date limited evidence is available to connected 

the two (Steele et al., 2012). On the contrary, behavioural inattention has been 

shown to correlate to a greater extent with working memory, processing speed and 

inhibitory deficits (Espy et al., 2002; van de Weijer-Bergsma, Wijnroks and 

Jongmans, 2008; Scerif, 2010). Thus behavioural inattention may be considered a 

reflection of EF deficits, as opposed to specific difficulties in attentional networks. 
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Investigations into the functionality of attentional networks in ex-preterm adults 

report lower performances compared to controls; however, as discussed previously, 

tasks utilised in older populations are often highly confounded by other cognitive 

domains. Nosarti et al. (2007) utilised the Test of Attention Performance to 

investigate attentional abilities in ex-preterm adults, but by evaluating performance 

based on response times, there will be confounds by slower processing speeds 

typically observed within this population (Nosarti et al., 2007).  

1.4 Information processing 

ΨLƴŦƻǊƳŀǘƛƻƴ ǇǊƻŎŜǎǎƛƴƎ ǎǇŜŜŘΩ ƛǎ ǘƘŜ ǘŜǊƳ ƎƛǾŜƴ ǘƻ ǘƘŜ ǎǇŜŜŘ ƻŦ ŎƻƳƳǳƴƛŎŀǘƛƻƴ 

between different brain regions in order to complete specific cognitive goals. The 

speed in which information is transferred is fundamental to the success of basic 

cognitive tasks and is considered an essential cognitive resource (Turken et al., 

2008). It has been long since established that speed of information processing (IP) is 

positively correlated with IQ scores in typical adult population studies, and it is 

speculated that a link between speed of processing and working memory drives this 

correlation (Jensen, 1993). The same relationship has been seen in preterm cohorts. 

Possible associations have been observed between working memory deficits and 

reduced processing speeds in preterm children (Mulder, Pitchford and Marlow, 

2010).  

Reduced speeds in information processing is commonly reported in preterm cohorts 

both in terms of sensory information (Rose, 1983; Ramon-Casas et al., 2013) and 

higher level cognitive information reflected in reduced cognitive performance 

(Rose, Feldman and Jankowski, 2009). Studies of preterm cohorts consistently 

report strong associations between processing speed and individual variability in EF 

performance and overall academic achievements (Mulder, Pitchford and Marlow, 

2010, 2011b; Rose, Feldman and Jankowski, 2012). Up to 60% of the differences in 

global cognitive performance scores between term and preterm participants may 

be accounted for by variations in processing speed alone (Rose and Feldman, 1996). 

In addition to the association with IQ, processing speed is linked to the performance 

variations in multiple independent domains across many studies, from working 
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memory (Rose, Feldman and Jankowski, 2002), to language deficits (Ortiz-Mantilla 

et al., 2008) and attention (Mulder, Pitchford and Marlow, 2011a).  

The traditional view of early cognitive investigations is that they showed poor 

predictive validity for later cognitive performance (Fagan and Singer, 1983). Tests in 

infancy are speculated not to tap into the same processes that are apparent in 

childhood and beyond (Rose and Feldman, 1990; Colombo, 1993). In this vein, 

improvements in this area have been the focus of infancy research, with processing 

speed measures indicating a level of continuity and stability in the prediction of 

later cognitive abilities (Rose, Feldman and Jankowski, 2009).  

Preterm infants have been observed to perform poorly in cognitive tasks that 

additionally assess speed of information processing.  In 2002, Rose, Feldman and 

Janowski, utilised habituation, gaze shifting and recognition paradigms with poorer 

performances observed in the preterm cohorts. In contrast, and in an earlier study 

Rose et al., (2001) found no group differences between term and preterm infants in 

an attentional gaze shift paradigm in the first year after birth. The authors speculate 

that discontinuity between their findings reflect different processing skills in the 

paradigms used. In the second study in 2002, a familiarisation paradigm may have 

created a greater cognitive load than the first in 2001, a simple visual expectation 

paradigm; thereby the greater complexity provided a more detailed investigation of 

the preterm infants cognitive abilities (Rose, Feldman and Jankowski, 2001, 2002).  

Deficits in processing speed within the preterm population are observed in middle 

childhood and into adulthood. The link between processing speed and working 

memory seen in typically developing populations, is highly associated with overall 

academic attainment in preterm populations (Rose and Feldman, 1996; Fry and 

Hale, 2000; Mulder, Pitchford and Marlow, 2010). In the study by Mulder et al., 

(2010), verbal processing speeds accounted for the variations in attentional 

abilities, inhibitory performance, semantic fluency and shifting abilities. Working 

memory was independently predictive of academic attainment. This finding echoed 

a previous study by Rose et al., (1996). In contrast, Bull and Johnston (Bull and 
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Johnston, 1997), reported that the typical arithmetic difficulties observed in 

preterm children were best predicted by motor processing speed, and independent 

of memory. Although there are still variations amongst study results, there remains 

a strong suggestion that processing speed is a good predictor of later academic 

performance.  

In terms of continuity, there is a lack of investigations within the preterm literature 

exploring processing speeds from infancy into the toddler years. Rose et al., (2009) 

reported toddlers born preterm to display a persistent deficit in a range of cognitive 

abilities from the first year and into the second. Information processing speeds in 

combination with recognition memory, recall and attention accounted for the 

variation in general cognitive ability with this cohort (Rose, Feldman and Jankowski, 

2009). To date, there is limited additional evidence investigating such trajectories. 

Information processing speed may also be investigated using neural processing 

techniques. Event Related Potentials (ERPs) provide more accurate temporal 

measures of specific processing and may be used to assess preterm-term 

differences. Processing difficulties related to slow cognitive performance and social 

inabilities are correlated to the ΨƭƻǿŜǊ-ƻǊŘŜǊΩ processing speeds of sensory 

information, particularly that of visual and auditory stimuli (Fellman et al., 2004; 

Mikkola et al., 2007; Sokhadze et al., 2017). If preterm children do not process 

sensory information at the same rate as typically developing individuals, this will 

impact the performance of cognitive tasks. In particular, infancy research is largely 

dependent on looking times and the speed of gaze-shifting to evaluate early 

cognitive abilities (Butcher, Kalverboer and Geuze, 2000). Exploring neural 

correlates of sensory systems may inform on the evaluation of mechanisms 

underpinning cognitive performance. 

ERPs are averaged voltage deflections produced by the brain in response to any 

sensory modality (Woodman, 2010). In this brief review, ERPs to visual and auditory 

stimuli are summarised. Upon detection of a stimulus, an initial change in polarity is 

observed in the ERP waveform; in the case of visual stimuli, the C1, reflects the 
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location of the stimulus within the visual field (Clark, Fan and Hillyard, 1994). The 

N1 and/or P1 are typically the first components observed in an ERP waveform in 

response to auditory stimuli. These are postulated to reflect the physical attributes 

of the stimulus oppose to cognitive evaluations and indicate the detection of the 

stimulus in the primary visual or auditory cortices (Herrmann and Knight, 2001). 

Following this, the P300 or P3 is produced. The P3 is a positive deflection, peaking 

at approximately 300 milliseconds post stimulus onset. This component reflects the 

attention to the stimulus and is typically a larger response when an infrequent 

stimulus is detected (Herrmann and Knight, 2001). This technique is therefore 

tailored to explore differences in information processing speeds in early attentional 

networks to any sensory modalities between different cohorts.  

Within this thesis, the focus is on neural correlates associated to auditory 

processing. Northam et al. (2012) used MRI and diffusion tractography techniques 

to investigate the integrity of the interhemispheric pathways associate with 

language in a group of extremely preterm infants. They found a significant 

reduction in volume in the posterior Corpus Callosum that accounted for 57% of the 

variance in language abilities within the preterm cohort (Northam et al., 2012). This 

in part echoed the findings of Nosarti et al. (2004) who had previously reported 

correlations between the posterior corpus callosum volume and verbal fluency and 

IQ scores, but only in preterm males. These findings suggest that transfer of 

auditory information related to speech and language across the hemispheres is 

compromised, and potentially slower, in children born preterm. To the ŀǳǘƘƻǊǎΩ 

knowledge, there are no current studies exploring the attentional response of the 

brain to speech sounds in a cohort of preterm toddlers.  A more detailed review of 

auditory processing in relation to language can be found in Appendix 4, but will not 

be considered as the primary focus in this thesis. 

1.5 Conclusion 

In contrast to the large body of research into cognitive processes in school age ex-

preterm children, there is a paucity of research that seeks to evaluate the early 

trajectory of emerging cognitive processes that will underpin later performance and 
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allow for the early identification of children at clinical risk of later learning 

difficulties.  Such evidence is needed to formulate targeted interventions to 

ameliorate the high prevalence of special needs and cognitive deficits in very 

preterm children at school age. There is genuine uncertainty about the early 

emergence of executive functions and information processing speed differences in 

infancy. 

In this thesis, studies of the early emergence of EF skills up to 30 months of age will 

be presented whilst exploring the influence of processing speed and attentional 

differences in a group of very preterm infants (VP henceforth) with relatively 

uncomplicated neonatal courses, compared to a group of term children (term 

henceforth).  
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1.6 Research Aims and Objectives 

The overall aim was to use targeted neuropsychological assessments in combination 

with ERP techniques and eye-tracking technology to identify at which point within 

the first two years after birth differences begin to emerge in EF abilities between VP 

and term controls, and to what extent information processing (IP henceforth) 

abilities impact global cognitive performance. The specific study objectives were: 

1) To explore the differences in EF, attention and IP speeds at 3 time points within 

the first year and at 30 month of age between the term and VP cohorts. Each EF 

task incorporates the different EF subskills and performances will be adjusted 

for global cognitive score (defined by the cognitive composite score of the 

Bayley-III). This will seek to identify the emergence of EF, attention and IP 

difficulties not accounted for by global cognitive performance.  

2) The first year of assessments will be used as predictors of cognitive score of the 

Bayley-III at both: 

i) 12 months 

ii) 2 years 

3) Finally, the EF tasks at 30 months will be used to investigate the variation of the 

Bayley-III at 2 years.  

 

The final two objectives will explore to what extent the performances in EF tasks in 

the first and second year predict the variation on the Bayley-III cognitive scores and 

will examine the effectiveness of the cognitive scale at detecting any variation in EF 

abilities in a VP and term cohort. 
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1.7 Hypotheses  

This thesis is broken down into 5 chapters: Global measures of cognitive, language 

and motor development; Executive Functions; Attention; Information Processing 

speeds; and Prediction of global cognitive performance at 12 months and 2 years 

from earlier measures of EF, IP and Attention. Accordingly, the following 

hypotheses where made for each aspect of the study: 

1.7.1 Global measures of cognitive, language and motor development  

¶ VP infants will score lower in the Bayley-III cognitive composite scores 

compared to term infants, at both 12 months and 2 years of age. 

¶ The cognitive composite score at 12 months will predict the cognitive 

composite score at 2 years of age.  

¶ The cognitive composite score at 30 months will account for some of the 

variation in other neuropsychological measures throughout the other 

chapters but will not explain all differences seen between the two cohorts. 

1.7.2 Executive Functions 

¶ VP infants will show a reduced ability in EF tasks compared to term controls.  

¶ Any differences observed within the first year will also be observed in the 

second year performance in corresponding tasks.  

¶ Any differences seen in the two cohorts will not be completely accounted 

for by the global cognitive score. 

1.7.3 Attention  

¶ The information processing speeds obtained from the attentional task will 

show slower processing and more immature looking behaviour in VP 

children compared to term controls at each time point that it is measured (6, 

12 and 30m). 

¶ Overall global cognitive differences at 12 and 30 months account for a 

proportion of the variation in performance within the two groups.  
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1.7.4 Information processing speed  

¶ VP children will display slower response times across all IP measures. 

¶ Any differences observed will still be present after adjusting for global 

cognitive performance. 

1.7.5 Prediction of global cognitive performance at 12 months and 2 years from 

earlier measures of EF, IP and Attention  

¶ Poor correlations will be observed between the variation in the Bayley-III 

cognitive scores at 12 months and 2 years and the EF, IP and attention 

performances from the first year 

¶ Likewise, the proportion of variation accounted for by EF, IP and attentional 

performances in the Bayley-III cognitive score at 2 years will be low. 
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Chapter 2 Methods   

2.1 Preterm Development Project  

The Preterm Development Project: Growing up after preterm birth (PDP) was 

established in 2011, by Professor Neil Marlow and Dr Michelle de Haan, with the 

assistance of Dr Lara Platten, and Dr Charlotte Sanderson-Brindle. This prospective 

cohort study was primarily put together to further our understanding of the early 

brain and social-cognitive development of children born very preterm. The long 

term aim of the study is to use the information collected to help improve early 

identification methods of those at risk for later social, cognitive and academic 

difficulties, and to develop targeted interventions in order to reduce levels of 

developmental delay seen within this population, thereby reducing the social cost 

these delays have on the education system.  

The main objectives of the PDP are outlined in the UCH PDP protocol, please see 

Appendix 1. The structure of the study is presented in Figure 2-1.  
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Figure 2-1. The Preterm Development Project (PDP) study structure. The red boxes indicate the 

stages of the study where the data reviewed in the thesis were collected. 
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On discharge from the hospital, the term and VP infants received the normal clinical 

outpatient follow ups as standard, with additional visits to University College 

Hospital to visit the UCH PDP Baby lab within the Clinical Research Facility in the 

Elizabeth Garrett Anderson wing. The infants were asked to attend 3 visits within 

their first year at 3, 6 and 12 months of age. Following this first year of assessment, 

consent was sought to allow subsequent assessments at a rate no greater than 1 

per annum. The outcome for this PhD project is based on the data obtain at the 

follow-up assessment at 30 months of age, however utilises the data collected at 

the previous time point to address the study aims. The VP infants were corrected 

for gestation by using their Expected Date of Delivery (EDD) for the purpose of 

these assessments, the reasons for which were discussed in Chapter 1.  

This chapter will detail the recruitment process of the infants into the study, the 

inclusion and exclusion criteria, the ethical approval for the study, a brief 

description of the tasks administered and reviewed within this thesis, and finishing 

with the statistical plan for all analyses conducted in later results chapters. The 

detailed methodologies for each task administered will be in the relevant chapters. 

2.1.1 Participant recruitment 

The PDP study, originally funded by SPARKS, aimed to recruit fifty preterm infants 

born at <32 weeks of gestation and fifty term born controls as a comparison group. 

Recruitment for the study was initiated before the start of this PhD project. Support 

from this studentship, allowed for additional recruitment of term born controls and 

then aided in the completion of recruitment of the VP infants. Eighty one term born 

and fifty VP born children were included in the data analysed within this thesis; of 

these, forty-four term born participants and thirty-nine VP infants were recruit 

during the PhD period. The author completed a minimum of one follow up 

assessment for sixty term born and forty seven VP born participants during the 3 

years of data collection. The attrition rate for the study is show in Figure 2-2. 
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Figure 2-2. The attrition rate of the participants included in this thesis from the PDP study. 

 

 

Total Term-born 
infants recruited: 

81 

Total Preterm-born 
infants recruited: 

50 

3 month assessment  

Total term-born 
infants assessed: 63 

Total preterm-born 
infants assessed: 47 

Term-born infants not include 
at this time point: 
Å 18 not recruited until 

after 3 months 

Preterm-born infants not 
include at this time point: 
Å 3 not recruited until 6 

months 

6 month assessment  

Total term-born 
infants assessed: 70 

Total preterm-born 
infants assessed: 43 

Term-born infants not include 
at this time point: 
Å 5 not available 
Å 6 not recruited until 30 

months 

Preterm-born infants not 
include at this time point: 
Å 4 not available 
Å 4 too young 

12 month 
assessment  

Total term-born 
infants assessed: 52 

Total preterm-born 
infants assessed: 43 

Term-born infants not include 
at this time point: 
Å 13 not available 
Å 10 too young 
Å 6 not recruited until 30 

months 

Preterm-born infants not 
include at this time point: 
Å 4 not available 
Å 4 too young 

30 month 
assessment  

Total term-born 
infants assessed: 28 

Total preterm-born 
infants assessed: 28 

Term-born infants not include 
at this time point: 
Å 6 new recruits 
Å 29 not available 
Å 24 too young 

Preterm-born infants not 
include at this time point: 
Å 9 not available 
Å 13 too young 
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2.1.1.1 Preterm Inclusion criteria 

Infants born at <32 completed weeks of gestation were recruited from the Neonatal 

Unit at University College Hospital London.  In the first instance, VP parents were 

approached at the end of the first week after birth and permission was sought to 

include them in the study.  Exclusion criteria were low likelihood of survival and 

severe congenital abnormality. An information leaflet was given to parents at the 

time of consent, so to provide information on the study follow-ups, separate from 

routine medical follow-ups. No alteration to clinical care was necessary as part of 

the project other than the two imaging procedures around birth. Copies of consent 

ŦƻǊƳǎ ŀƴŘ ǎǘǳŘȅ ŘƻŎǳƳŜƴǘǎ ǿŜǊŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ƛƴŦŀƴǘǎΩ ƳŜŘƛŎŀƭ ŦƛƭŜǎΣ ŀƴŘ ŎƻǇƛŜǎ 

were given to the parents for future reference. Parent contact details were passed 

on to the study team following consent from the participating parents in order to 

organise the follow-up appointments in the UCH Babylab.  

2.1.1.2 Term inclusion criteria 

Term born children included in the control group were recruited from antenatal 

classes and postnatal wards at University College Hospital London.  Inclusion criteria 

for the term group were: gestation between 37-42 weeks, birthweight between 10th 

and 90th percentile for gestation, no perinatal complications and Apgar score at 

5min >7. A leaflet detailing the study and providing contact details was distributed 

via local parent and infant groups and their venues. Participants were also recruited 

via email notices.  

2.1.1.3 Attrition rate 

Due to the nature of the study, a number of children originally recruited did not 

complete all assessment phases. As highlighted in Figure 2-2, detailing the attrition 

rate of infants through the study, a proportion of infants did not fully withdraw 

from the study within the first year of assessment, but were unable to attend 

specific assessments either due to illness or other family circumstances. The 

timeline of the study and the start of this PhD project were such that a number of 
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the term born infants first recruited onto the study were missed at the 30 month 

time point. Due to this, a small cross-section of term children were recruited at this 

age to ensure a balanced sample of term and VP children at the 30 month time 

point. 

2.1.2 Ethical Approval 

The study was approved by the NW London Research Ethics Committee 2 

(Reference 10/H0720/80) and is registered with the Research and Development 

Department of UCLH.   

The study incurred a number of amendments to include new researchers, additional 

tasks and new assessment batteries; all changing the documentation and requiring 

review. For the purpose of this PhD project, Appendix 1 and Appendix 2 detail the 

amended protocol and approval letter for assessment administered up to and 

including the 30 month follow up. 
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Table 2-1. Total population demographics for infants included within this thesis. Male sex and maternal education reported separately as ratio data; remaining 

characteristics reported as Median and IQR. Maternal education categorised by those with qualifications greater than GSCE and those below; the IMD quintiles is the 

Index of Multiple Deprivation for UK postcodes categorised into 5 groups with 1 = least deprived and 5 = most deprived (NPEU, 2013). 

 

 
Term Preterm 

 
Total term 

n = 81 
Total Preterm 

 (n = 50); 
Very Preterm  

(n = 17); (27-31+6weeks) 
Extremely Preterm 

(n = 33); (<27weeks) 

 n=81 n=50 n=17 n=31 

Infant sex (M:F) 40:41 31:19 12:5 19:14 

Maternal education 
(<GCSE:>GCES) 

96% (3:77) 87% (6:41) 86.7% (2:13) 87.5% (4:28) 

 Median IQR Median IQR Median IQR Median IQR 

Gestation (Weeks + 
days) 

40
+2

 39
+2

 ς 41
+2

 26
+0

 25
+0

 ς 28
+0

 28
+4

 28
+0

 ς 29
+3

 25
+2

 24
+6

 ς 26
+0

  

Birth Weight (g) 3380  
3175 ς 
3850 

767 670 ς 922 956 736 ς 1130 730 657 ς 785 

SDS -.05 
-.49 ς  
.47 

-.41 
-.89 ς  
.05 

-1.37 
-2.12 ς  

-.50 
-1.85 -.52 ς .13 

IMD quintile (SES)  4 2 ς 4 3 2 ς 4 3 2 ς 4 3 2 ς 4 
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Table 2-2. Maternal and paternal ethnicity of all infants included within this thesis. 

 

 

Ethnicity 
Term  Preterm 

Mother (n=73) Father (n=73) Mother (n=45) Father (n=44) 

White British 29 42 14 16 

White Irish 6 1 1 0 

White and Asian 1 1 0 0 

White and Black Caribbean 1 0 0 0 

White and Black African 1 0 0 1 

Any other white background 26 21 6 7 

Chinese 3 2 0 0 

Indian 3 2 8 7 

Black African 1 1 4 4 

Black Caribbean 0 0 1 1 

Bangladeshi 0 0 1 1 

Pakistani 0 0 3 4 

Arab 0 0 1 1 

Any other Asian background 0 0 3 1 

Any Other Mixed/Multiple Ethnic Background 0 3 1 0 

Any other ethnic group 1 0 2 1 
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2.1.3 Primary language of cohort 

At the time of recruitment, the study was explained in English and consent was 

given and taken in English. Families whose mother tongue was not English were not 

excluded from the study, but needed a level of understanding to consent to the 

study in English. The researcher or physician taking consent utilised their 

professional judgment to assess whether the level of understand was present. If this 

level of understanding was not there, consent was not taken and the child was not 

entered onto the study. 

Throughout the study communication with the infant or toddler was in English. This 

was particularly important during the 30 month follow-up given the nature of the 

assessments. It was therefore at this point that the predominant language spoken 

within the home was recorded. The proportion of English spoken within the home is 

detailed below in table 2-3. 

 

Only English 

Bilingual or greater 

 Predominant language 
Percentage of time 

English spoken in home 

 n % English (n; %) Other (n; %) Median (range) 

Total (n=49) 28 57.14 39 (92.86) 3 (7.14) 100 (50-100) 

Term (n=26) 14 53.85 21 (87.5) 3 (12.5) 100 (50-100) 

Preterm (n=23) 14 60.87 18 (100.0) 0 100 (90-100) 

Table 2-3. Proportion of English spoken within the cohort at 30 month follow-up, detailing the 

predominant language spoken within the home and the percentage of time spoken in English. 

 

If the mother tongue of the toddler was not English, and the toddler displayed signs 

of misinterpretation of task instruction, the parent was instructed to give an exact 

translation to the mother tongue during specific tasks. 
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2.1.4 Medical factors 

As discussed in section 1.1, numerous neonatal complications can impact the brain 

development and later function of infants born preterm. Below is a summary of key 

neonatal characteristics of the VP infants within the current cohort.  

 Total cases; n=50 
Very Preterm; n=17 

(27-31+6weeks) 
Extremely Preterm; 
n=33 (<27weeks) 

 n % n % n % 

Cases of IVH/PVL: I-II 25 50 6 35.28 19 57.58 

IVH+ Intraventricular 
dilation 

17 34 4 23.52 13 39.39 

Intraparenchymal 
lesion/PVL 

8 16 2 11.76 6 18.18 

ROP: 29 58 3 17.65 26 78.79 

Stage 1 8 16 0 0 8 24.24 

Stage 2 17 34 2 11.76 15 45.45 

Stage 3 4 8 1 5.88 3 9.09 

CLD/BPD: 42 87.5 10 62.5 32 75 

Mild 11 22.92 3 18.75 8 25 

Moderate/ Severe 31 64.58 7 43.75 24 75 

NEC 7 14 2 11.76 5 15.15 

       

 Mean SD Mean SD Mean SD 

Days in ITU 33.19 22.19 18.88 20.24 40.34 19.75 

Total days in hospital 107.26 37.52 89.87 49.71 115.41 27.52 

Table 2-4. Neonatal characteristic of the infants born very preterm included within this study, 

total, and subdivided into very preterm 27-31+6weeks; and Extremely preterm <27weeks 

gestation.  

2.2 Assessment Methodology and summary of study paradigms 

The experimental paradigms included in the PDP study aimed to assess the 

development of EF, attention, and IP speed differences in a cohort of term and VP 

infants and will be categorised accordingly; the results of each category will be 

reported in separate chapters.  
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As detailed in the literature, targeting one cognitive domain within EF without 

incurring the use of others is very difficult (Mulder et al., 2009); therefore the 

predominant cognitive domain will be discussed for each task, however overall, the 

paradigms have been considered measures of more general EF functioning. In each 

chapter, the paradigms will be reported in order of age of assessment. Below, table 

2-5 briefly introduces the tasks utilised within this thesis and the chapters where 

they are reviewed. Table 2-6 details the additional questionnaire measures utilised 

in order to acquire relevant information use in the thesis.  Within each chapter, a 

background of their standing in current literature will be reviewed, including how 

they fair in terms of known preterm research. Full methodologies including 

apparatus and procedures will be explained within the methods section of the 

relevant chapters. 

Chapter Assessment and age 

performed 

Description 

Chapter 3: 

Global 

measures 

Bayley Scales of 

Infant and Toddlers 

Development 3rd 

edition ς cognitive, 

motor and language 

scales (Bayley-III);  

12 and 24/30 

months 

A well-established global assessment scale with 

normative data available for population comparisons. 

Gold standard clinical assessment used to determine 

development milestones according to age in 3 main 

areas: cognition, language and motor skills. 

 

Chapter 4: 

Executive 

Functions 

Delayed Response 

Task (DRT);  

 

6 months 

The infant was sat on a parent or guardians lap in 

front of a large black screen with two windows. The 

windows were occluded by a blind. Upon raising the 

blind, a stimulus was presented at one of the two 

ǿƛƴŘƻǿǎΣ ƳŀƪƛƴƎ ŀ ƴƻƛǎŜ ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ ƛƴŦŀƴǘǎΩ 

attention. The blind was then lowered and a 5 second 

delay administered. The blind was then raised and the 

direction of the first eye movement from the infant 
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was recorded. The procedure was repeated with the 

stimulus presented randomly to each window. The 

DRT administered in this study included both social 

and non-social stimuli, which were summarised to 

provide performance measures. 

 A not B paradigm; 

 

12 months 

The infant observed the hiding of an object in one of 

two locations and was then asked to retrieve it 

without any delay imposed. After two correct 

retrievals in the same location, the hiding location of 

the object was changed to the other location in plain 

sight, and the child was again asked to retrieve the 

object. If the child searched correctly, the procedure 

was repeated, accept with a delay of 5 seconds 

implemented before being allowed to search for the 

object in all instances. This procedure was continued 

until the child incorrectly searched for the object 

following a switch. This error has been termed as an 

Ψ!. ŜǊǊƻǊΩ (Diamond, 1985). 

Dimensional 

Change Card sort 

task; 

 

30 months 

The DCCS task comprised of two sorting boxes and a 

selection of sorting cards. The cards varied on two 

dimensions, with the sorting box displaying the same, 

yet inverse dimensions. The task required the child to 

sort according to each of the dimensions in turn. If 

both dimensions were correctly sorted, the cards were 

changed and the next level was administered; the 

complexity of the different dimensions increased with 

each level. 

Chapter 5: 

Attention 

GAP Task;  

 

6, 12 and 30 months 

Used eye-tracking technology to assess visual reaction 

speed and attentional processes. The task challenged 

ǘƘŜ ŎƘƛƭŘΩǎ ŀōƛƭƛǘȅ ǘƻ ŘƛǎŜƴƎŀƎŜ ŦǊƻƳ ŀ ŎŜƴǘǊŀƭ ǎǘƛƳǳƭǳǎ 

when presented with a peripheral target. The task 
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was designed to highlight any deficits in attention by 

looking at the time taken to disengage (e.g. an 

ƛƴŀōƛƭƛǘȅ ǘƻ ŘƛǎŜƴƎŀƎŜ Ƴŀȅ ōŜ ŀ ǎƛƎƴ ƻŦ ΨǎǘƛŎƪȅ 

ŀǘǘŜƴǘƛƻƴΩΣ ǘȅǇƛŎŀƭƭȅ ǎŜŜƴ ƛƴ ŎƘƛƭŘǊŜƴ ǿƛǘƘ !ǳǘƛǎƳ 

Spectrum Disorder). 

Chapter 6: 

Information 

Processing-  

 

Behavioural 

measures   

Conjugate Mobile 

Reinforcement 

paradigm; 

 

3 months 

A behavioural paradigm designed by Rovee & Rovee 

(1969) targeting the operant learning response. A 

reinforcement paradigm, where the infant learnt 

specific movements displaced a mobile suspended 

above them, rewarding them with sounds and visual 

movement. The infants were considered to have 

learnt during the paradigm if a pre-determined 

criterion is reached.  

Babyscreen App; 

 

30 months 

A touchscreen based assessment designed by Twomey 

et al (Twomey et al., In Press). A newly developed 

application based on classic EF tasks but in a 

touchscreen environment enabling the investigation 

of speed of processing in relation to EF abilities. Tasks 

on which the application was designed include the A 

not B, and Dimensional card sort task (DCCS). 

Multi -Location 

Multi -step task 

(MLMS); 

 

30 months 

 

 

An extension to the A not B paradigm. An object was 

hidden in one location for one or more trials but 

retrieval of the object required the completion of a 

multiple step process. After correctly locating the 

object in 3 consecutive trials, the hiding location was 

switched to an alternative location. Perseverative 

errors and time to completion were summarised to 

provide performance measures. 

Neural 

measures   

Auditory ERP 

paradigm; 

 

Designed to assess speed of auditory information 

processing with particular interest in the speed of 

information transfer across the corpus callosum. 
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Table 2-5. Name and brief description of assessments evaluated within this thesis 

 

Table 2-6. Summary of questionnaires considered within this thesis.  

2.3 Statistical analyses 

Excluding the Bayley-III and the BabyScreen tasks, which were coded online, all 

other tasks were video recorded with data acquired off line. 20% of the data from 

each task were double coded for reliability, which was set at a minimum of 80% to 

be considered accurate. Due to the variation in participant attendance during the 

study, and the nature of neuropsychological assessments in infants and young 

children, full datasets for each child were not possible. This thereby led to variations 

in participant numbers for each task. Given this, population demographics will be 

30 months Infants watched an unspecific visual presentation on a 

screen whilst listening to  simple auditory  syllables 

presented to left and right ear independently 

(monaurally). The auditory N1 and P3 amplitudes and 

latencies will be compared between cohorts. 

Assessment 

age 

Questionnaire Description 

All time 

points 

Demographics (see 

Appendix 3) 

General information about the family; address, 

siblings, medical history, educational 

background, employment history, language 

dominance. 

30 months The Oxford 

Communicative 

Development Inventory 

(OCDI) 

A UK adaptation of the MacArthur-Bates CDI. A 

parental report of the receptive and expressive 

language produced by the child at the time of the 

assessment. The OCDI is used with the analyses in 

the subsequent chapters if the language scale of 

the Bayley-III is not completed. 
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given at the beginning of each results section. Data were analysed following a set 

procedure detailed below.  

Normality of each key variable within a data set was explored using histograms and 

the Shapiro Wilk test of normality. If data were not normally distributed a 

transformation was attempted to achieve normality. If normality could not be 

reached, or if a transformation was not appropriate, for example in cases where the 

data was based on standardised population scores, non-parametric tests were 

carried out on the raw data. For normally distributed (parametric) data, the mean 

and standard deviations will be reported; for non-normally distributed data (non-

parametric) medians and ranges will be reported. 

Following data exploration, variables were assessed for equality of variance using 

an analysis of variance test and then compared using the appropriate statistical test 

for differences in the term and VP groups. Significance was set p < .05; and a trend 

identified as a p-value between .05 and .1. In cases where the variables had 

repeated measures for each participant, a repeated measured analysis of variance 

(ANOVA) was carried out, where main effects and interaction effects were explored. 

Post-hoc analyses in the form of stepwise multiple comparisons using Bonferroni 

adjustments were run where appropriate. The statistical tests used will be reported 

in each results section. 

In section 1.1.1, upon review of the literature, the neonatal factors previously 

determined to be most influential of outcome in the early years and therefore were 

considered within all analyses were gestational age, social economic status as 

determined by the Index of Multiple Deprivation quintile score (IMD quintile; 

calculated from the family postcode (NPEU, 2013)) and male sex. For each task, one 

variable was selected a priori on a theoretical basis to best reflect the task 

performance and will be stated in each results section. A regression model was 

applied to investigate the relationship between this outcome variable whilst 

adjusting for study group (term/VP), male sex and IMD quintile.  
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For the tasks conducted at 30 months of age, an additional regression model was 

fitted to each task data adjusting for the cognitive composite score on the Bayley-III 

at 2 years. This investigated whether any differences seen in the task outcomes at 

this age were explained by overall cognitive scores or demonstrated domain-

specific variations.  

For the Gap data in Chapter 5, the longitudinal observations were investigated using 

a multi-level mixed effects model. These were generated with the main dependent 

variable cluster over the two or three age points, depending on the model. 

Ultimately, a longitudinal investigation of the data will be conducted within Chapter 

7 to explore the predictive validity of the EF, IP and attentional measures in relation 

to the Bayley-III cognitive scores. Sequential regression models will be produced to 

examine the contribution of each task score to the overall proportion of variance 

accounted for in the Bayley-III results. Z-scores will be produced for continuous 

variables using the term-born population mean and standard deviations. These will 

then be entered into the models alongside the pre-determined demographic 

confound variables: Male sex, Index for Multiple Deprivation quintile score as the 

measure of Social Economic Status, and study group. The baseline group in for all 

regression models unless otherwise stated, will be term-born females with an IMD 

quintile of 1. 
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Chapter 3 Global Measures of Cognitive, Language and Motor 

Development 

The Bayley Scales of Infant and Toddler Development ς Third edition (Bayley-III), is 

an internationally recognised developmental assessment, standardised across a 

representative sample. Developed and published originally by Nancy Bayley in 1969 

(Bayley, 1969), the scale has been repeatedly used as a gold standard for assessing 

developmental delay in at risk populations, going through multiple updates to keep 

up with current research. The most recent updated was to the Bayley-III in 2006. 

Produced by Pearson Education Ltd., the measure assesses 5 key developmental 

domains: cognition, language, motor skills, social-emotional skills and adaptive 

behaviour; in children as young as 1 month up to 42 months of age.  

As discussed in section 1.1.2, global cognitive abilities are an indication of later IQ, 

and assessments such as the Bayley-III are designed to highlight children whose 

developmental progression is out of the normal range. Since its development in 

1969 (Bayley, 1969), the Bayley-III has been consistently utilised in clinics and 

developmental research. Particularly within individuals born preterm, there is an 

imperative need to track their neuropsychological development within the first few 

years after birth, to ensure the infants hit their developmental milestones; the 

Bayley-III has been and currently is the gold standard measure used. The Bayley-III, 

however, has previously undergone scrutiny due to its lack of sensitivity to those 

showing mild cognitive delay and its inability to detect subtle domain specific 

performance differences within the first two years after birth (Johnson, Moore and 

Marlow, 2014). This research alone highlights the need for improvements in early 

identification measures for those at risk of mild delays.  

The Bayley-III, and its predecessor, the Bayley-II, have been consistently used in 

preterm literature to further explore the cognitive impairments seen later in 

development with mixed results (Lobo and Galloway, 2013; Bode et al., 2014; 

Spencer-Smith et al., 2015). Although clinical practice consists of the use of the 

Bayley-III at 3, 6 and 12 months of age following preterm birth, research suggests 
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that the measure has poor predictive validity before 24months of age (Lobo and 

Galloway, 2013). Once at 24 months, studies have more frequently found 

correlations to later IQ (Bode et al., 2014). A consistent finding however, is the 

overestimation of developmental abilities (Anderson and Burnett, 2017). Although 

studies report a strong correlation between those identified as delayed in the 

Bayley-III at 2 years and those that later present with cognitive delays (Spencer-

Smith et al., 2015); a considerable proportion of children that later present with 

delays are not identified by the Bayley-III measures at 2 years, with this consistent 

across all Bayley subscales (Spittle et al., 2013; Spencer-Smith et al., 2015). 

Discussed in section 1.1.1, the effect of SES (social economic status) on cognitive 

outcome has been continually reported in the preterm literature (Tideman, 2000; 

Hack, 2006; Moore, Hennessy, et al., 2012). Poorer SES has been found to be 

associated to moderate cognitive difficulties, defined as <85 on the cognitive scales 

(Hack, 2006; Beaino et al., 2011). Those from poorer family backgrounds are less 

likely to show improvements in cognitive score from childhood into later school 

years (Hack, 2006). It is also possible that the difficulties reported in preterm 

populations at schools are not representative of the levels of impairments detected 

in infancy due to the SES related biases to follow-ups; the more disadvantaged 

families appear to require greater persuasion to attend follow-up assessments 

(Moore, Hennessy, et al., 2012).  

A second factor consistently associated to cognitive outcome is sex of the infant. 

Male survivors of premature birth are typically reported to present with poorer 

cognitive abilities than ex-preterm females (Moore, Hennessy, et al., 2012; 

Månsson, Fellman and Stjernqvist, 2015). Boys have frequently been reported to be 

at greater risk for brain injury and respiratory problems compared to girls and 

appear to be at a greater risk for sensory, motor and communicative problems 

(Elsmen, Pupp and Hellstrom-Westas, 2004; Peacock et al., 2012; Månsson, Fellman 

and Stjernqvist, 2015). Both factors are therefore accounted for when exploring 

cognitive outcome within the current investigation.  
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The Bayley-III was conducted at two time points within the current study, 12 

months as 24/30months; with the VP toddlers assessed during clinical follow-up at 

2 years, the following section will elaborate, and the term toddlers during the PDP 

30 month assessment. Given the evidence from the literature, it will not be possible 

to conclude which of the assessments holds the strongest predictive validity within 

the current cohort as further follow-ups would be required. However, it will be 

possible to explore the continuity of the measure longitudinally. In subsequent 

chapters, performances in EF, attention and IP will be adjusted for cognitive score 

performances, and inversely, the proportion of variation in the Bayley-III cognitive 

scores accounted for by the EF, attention and IP measures will be explored. 

3.1 Methodology of the Bayley-III 

Infants born very preterm are as standard in the UK, followed up at 4 time points 

after leaving hospital as part of their routine care: at 3, 6, 12 and 24 months of age. 

These assessments overlapped in part with the PDP assessment timeframe. Due to 

the nature of hospital appointments, in practice, the age at which the infants were 

seen varied. It was therefore not advisable for the PDP to repeat the Bayley-III 

assessment due to the possibility of practice effects and scores not reflecting true 

abilities.  Permission was therefore sort from the parents of the infants to access 

medical records and the relevant Bayley-III scores were obtained. The results from 

the clinical 24 month Bayley-III cognitive scale were used to adjust for global 

cognitive performance at 30 months of age in the VP cohort and the term infants 

were assessed on the Bayley-III during the PDP assessments at 12 and 30 months, 

performed by the researchers involved in the PDP study.   

The PDP researchers were taught the administration procedure of the Bayley-III by 

Mrs B Hutchon, the paediatric occupational therapist and National Trainer for 

Bayley assessments, who is responsible for the follow-up clinics within the North 

Central London Network, including UCH. Consistency between assessments the 

term and VP cohorts was strived for by following the same administration practices 

as those adopted in clinic.  
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The administration of the Bayley-III took place in the Clinical Research Facility at 

University College Hospital and typically lasted between 30-90 minutes depending 

on the age and the developmental stage of the child. The cognitive scale was 

typically the first scale to be performed in order to ensure scores reflected the full 

functional capacity of the child. The challenge of infant and toddler research is 

obtaining the necessary data, but in the most optimal conditions before the child 

tires. The cognitive scale was selected as the primary outcome measure for the 

assessment in this instance and therefore completion of this scale was essential.  

The cognitive scale was selected and justified as the predominant outcome measure 

in review of the numerous investigations that previously observed a link between 

global cognitive performance and EF measures (Potharst et al., 2012; Lobo and 

Galloway, 2013; Bode et al., 2014; Spencer-Smith et al., 2015). Although the scale 

has not been found to account for all variation in performance at later ages, it does 

appear to predict those with severe developmental impairment (Anderson and 

Burnett, 2017). This current investigation set out to explore whether any initial 

indications of EF differentiation were apparent at 2 and a half years of age in a 

cohort of term and VP toddlers. It was therefore essential to adjust EF 

performances by a measure of global cognitive performance to see if any 

differences in EF still remained. In a couple of instances in the current investigation, 

the impact of language comprehension on task performances was questioned; the 

language scales were therefore additionally explored in greater detail. Although all 

scales of the Bayley are reported below, the cognitive and language scores were 

predominantly taken forward though the subsequent chapter analyses.  

The results of the Bayley-III comprise of 5 raw scores from each of the scales. In the 

following datasets, the raw scores were converted into scaled scores which took 

into consideration the ƛƴŦŀƴǘǎΩ age at assessment. The scaled scores were then 

converted into composite (or standardised) scores; this normalised the scores 

around a mean of 100 and standard deviation of 15. The composite scores are 

calculated based on a normative sample of typically developing children, and are 

used to determine the developmental stage of a ŎƘƛƭŘΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ŘǳǊƛƴƎ ǘƘŜ 
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assessment according to typically developing peers. The measure has been 

performed on thousands of children in different countries so to provide a 

standardised representative dataset for each country. The UK sample included 221 

children aged between 12 and 41 months and is said to take into consideration 

ΨƎŜƻƎǊŀǇƘƛŎ ǊŜƎƛƻƴΣ ƎŜƴŘŜǊΣ ŀƎŜΣ ŜǘƘƴƛŎƛǘȅ ŀƴŘ ǇŀǊŜƴǘŀƭ ŜŘǳŎŀǘƛƻƴΩ (Bayley, 2006). 

The use of composite scores reduced the reliance of carrying out the assessment 

within a narrow age-range. As discussed, this enabled the clinical 24 month follow-

up Bayley-III scores of the VP children to be utilised in the 30 month PDP visit 

instead of repeating the assessment again during the PDP visit.  

A topic that frequents the literature surrounding the Bayley-III is the insensitivity of 

the tool to mild cognitive impairments. The results of the study by Johnson, Moore 

and Marlow (2014), reported a low sensitivity of the Bayley-III at 24 months of age, 

with a number of children in the mild neurodevelopmental disability range 

speculated to have been missed. Given this, the cut-off score of <85 was used to 

identify those at possible risk of delay within this thesis (Aylward, 2013; Anderson 

and Burnett, 2017).  

3.2 Results 

3.2.1 Bayley-III scores at 12 months of age 

Fifty-three full term and 32 VP infants completed the cognitive scale of the Bayley-

III at 12 months (see Table 3-1 for population demographics). The mean cognitive 

composite score for the VP infants was 98.28 compared to 107.83 for the term 

infants. 
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  Term (n=53) VP(n=32) 

Gestational age 
Median (range); 

weeks
+d

 
40

+2
 (37

+1
 ς 42

+0
) 26

+2
 (24

+0
 ς 29

+4
) 

Male sex  28 (52.83) 23 (71.88) 

IMD Quintile  1 7 5 

 2 9 9 

 3 7 13 

 4 17 11 

 5 13 6 

Table 3-1. Population demographics for the cognitive scale on the Bayley-III at 12 months. 

Table 3-2. Neonatal characteristics of the VP infants that completed the cognitive scale on the 

Bayley-III at 12 months. 

 

At 12 months of age, VP infants cognitive composite scores were on average 9.55 

points (±.73 (95%CI) lower compared to term infants (t(83) = 3.90, p < .001), with an 

effect size of .8 (±.06 (95%CI). The motor composite scores were on average 12.53 

points (± .87 (95%CI) lower (t(78) = 4.63, p < .001) and consistent over the two 

subscales, fine (1.73: .16 (95%CI); (t(78) = 3.50, p < .001)) and gross motor (2.11: .62 

 Total cases; n=32 
Very Preterm; n=11 

(<32>27 weeks) 
Extremely Preterm; 
n=21 (<27weeks) 

 n % n % n % 

Cases of IVH/PVL: I-II 14 43.75 3 27.27 11 52.38 

IVH+ Intraventricular 
dilation 

7 21.88 1 9.09 6 28.57 

Intraparenchymal 
lesion/PVL 

7 21.88 2 18.18 5 23.81 

ROP: 18 56.25 2 18.18 16 76.19 

Stage 1 6 18.75 0 0 6 28.57 

Stage 2 8 25.00 1 9.09 7 33.33 

Stage 3 4 12.50 1 9.09 3 14.29 

CLD/BPD: 28 87.50 7 63.64 100 100 

Mild 8 25.00 3 27.27 5 23.81 

Moderate/ Severe 20 62.50 4 36.36 16 76.19 
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(95%CI); (t(78) = 3.79, p < .001)). Language had similar scores (2.11: .62 (95%CI); 

(t(74) = .60, p = .55)).  

12m Bayley-III scale  Term (n=53) Preterm (n=32) 
Mean difference 

(95%CI) 
p 

Cognitive Composite 

N 53 32   

Mean 
(SD) 

107.83 (11.87) 98.28 (9.12) 9.55 (± .73) ***  

Cognitive z-score 
Mean 
(SD) 

0 (1.00) -.80 (.77) 0.8 (± .06)
ʌ
  

Language Composite 

N 44 32   

Mean 
(SD) 

100.55 (10.86) 98.44 (17.73) 2.11 (± 1.12)  

Receptive Language  
Scaled score 

N 44 32   

Mean 
(SD) 

9.96 (2.64) 9.34 (2.66) .62 (± .20)  

Expressive Language  
Scaled score 

N 44 32   

Mean 
(SD) 

10.27 (2.18) 10.09 (3.80) .18 (± .24)  

Motor Composite 

N 46 32   

Mean 
(SD) 

101.87 (12.24) 89.34 (10.99) 12.53 (± .87) ***  

Fine Motor 
Scaled score 

N 46 32   

Mean 
(SD) 

11.07 (2.53) 9.34 (1.81) 1.73 (± .16) ***  

Gross Motor  
Scaled score 

N 46 32   

Mean 
(SD) 

9.47 (2.83) 7.09 (2.67) 2.38 (± .20) ***  

Table 3-3. 12 month Bayley-III composite scores; *p<.05; **p.01; ***p<.001;  

ʌ 
Effect size of primary measure, cognitive composite score. 

Although there was a significant difference between the two study groups, only one 

VP infant scored within the clinically significant range with a score of 75 (Table 3-4). 

Three term infants and four VP infants scored <85 on the language scale.  

12m Bayley-III scale  Term (n=53) Preterm (n=32) 

Cognitive Composite 
N<85 0 1 

Mean score (SD) - 75 

Language Composite 
N 3 4 

Mean score (SD) 80 (5.2) 73.5 (6.81) 

Table 3-4. Count of infants to score within the clinical range (<85) 
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Due to the term infants scoring on average 7 points higher than the expected 

standardised norms, z-scores utilising the term mean and standard deviation of the 

composite scores were produced in order to account for the variation between the 

two study cohorts. 

Table 3-5 investigates the effect of male sex and IMD quintile on the 12 month 

cognitive z-score of the Bayley-III. At 12 months, study group was the only variable 

to have a predictive effect on the 12 month cognitive score outcome.  



 
 

 

8
8 

Table 3-5. Linear regression model with outcome as 12 month cognitive z-scores (F(3, 81) = 5.45, p = .001). The base group was set as the term born females with an IMD 

quintile of 1. 

 

 
 
 
Overall model fit R

2
 = 0.17 

Predictor Term (n=53) Preterm (n=32) 

Coef 95%CI 

  
 

 

Median (range) Median (range) P 

Study 
Group 

- - -.79 -1.22 ς -.37 .000 

Male Sex 28 (52.83) 23 (71.88) .12 -.30 ς .54 .56 

IMD 
Quintile 

4 (1-5) 3 (1-5) .08 -.07 ς .24 .30 

Cog 
score 
(const.) 

  -.34 -.99 ς .31 .31 
-1.5 -1.0 -0.5 0.0 0.5 1.0

Coefficient	(95%	CI)



 
 

89 
 

3.2.2 Bayley-III scores at 2 years 

Twenty-four full term and 26 VP infants completed the cognitive scale of the Bayley-

III at 2-2.5 years (see Table 3-6 for population demographics). The mean cognitive 

composite score of the VP infantsΩ was 100 ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǘŜǊƳ ƛƴŦŀƴǘǎΩ ǎŎƻǊŜ ƻŦ 

105. 

 

  Term (n=24) VP (n=26) 

Gestational age 
Median (range); 

weeks
+d

 
40

+2
 (37

+0
 ς 42

+2
) 26

+2
 (23

+4
 ς 29

+4
) 

Male sex  14 (50%) 21 (72.41%) 

IMD Quintile  1 5 5 

 2 4 3 

 3 4 10 

 4 9 7 

 5 6 4 

Table 3-6. Population demographics for the cognitive scale on the Bayley-III at 2-2.5 years. 

 

 Total cases; n=26 Very Preterm; n=8 
(<32>27 weeks) 

Extremely Preterm; 
n=18 (<27weeks) 

 N % N % N % 

Cases of IVH/PVL: I-II 12 46.15 2 25.00 10 66.66 

IVH+ Intraventricular 
dilation 

7 26.92 0 0 7 38.89 

Intraparenchymal 
lesion/PVL 

5 19.23 2 22.22 3 16.67 

ROP: 13 50.00 1 12.50 14 70.00 

Stage 1 5 19.23 0 0 6 30.00 

Stage 2 5 19.23 0 0 6 30.00 

Stage 3 3 11.54 1 12.50 2 10.00 

CLD/BPD: 25 96.15 7 87.50 18 100.00 

Mild 9 34.62 3 37.50 6 33.33 

Moderate/ Severe 16 61.54 4 50.00 12 66.67 

Table 3-7. Neonatal statistics for the VP children that completed the cognitive scale on the Bayley-

III at 2 years. 
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2-2.5 year Bayley-III 
scale 

 Term (n=24) Preterm (n=26) 
Mean difference 

(95%CI) 
p 

Cognitive Composite 

N 24 26   

Mean 
(SD) 

107.71 (12.42) 101.92 (12.81) 
-5.79 (-12.98 ς 

1.40) 
 

Cognitive z-score 
Mean 
(SD) 

0 (1) -.47 (1.03) 
-.47 (-1.05 ς 

.11) 
ʌ
 

 

Language Composite 
N 14 26   

Mean 
(SD) 

119.43 (10.41) 97.81 (18.23) 
-21.62 (-12.45ς 

-30.79) 
***  

Receptive Language  
Scaled score 

N 14 26   

Mean 
(SD) 

13 (1.75) 9.65 (2.80) 
-3.35 (-4.81 ς -

1.88) 
***  

Expressive Language  
Scaled score 

N 14 26   

Mean 
(SD) 

13.57 (2.68) 9.5 (3.82) 
-4.07 (-6.18 ς -

1.97) 
***  

Motor Composite 

N 9 26   

Mean 
(SD) 

117.44 (15.91) 94.58 (11.86) 
-22.87 (-35.58 ς 

-10.15) 
***  

Fine Motor 
Scaled score 

N 9 26   

Mean 
(IQR) 

12.33 (1.66) 9.92 (1.92) 
-2.41 (-3.83 ς -

.99) 
**  

Gross Motor  
Scaled score 

N 9 26   

Mean 
(IQR) 

13.44 (4.18) 7.88 (1.93) 
-5.56 (-8.82 ς -

2.3) 
***  

Table 3-8. Bayley-III scores at 2 year time point; *p<.05; **p<.01; ***p<.001 

ʌ 
Effect size of primary measure, cognitive composite score. 

 

In contrast to the scores at 12 months, at 2-2.5 years the cognitive composite scores 

of the VP children showed a lesser deficit compared to term children (difference in 

means: 5.0; -12.98 ς 1.40 (95% CI); (z(48) = 1.84, p = .07)).  

VP infants scored significantly lower in language (difference in means 21.62 points; 

12.45-30.79 (95% CI); (t(38) = 4.77, p < .001)) which was consistent over the two 

subscales, receptive (difference in means 3.35; 4.81-1.88 (95% CI); (t(38) = 4.64, p < 

.001)) and expressive language (difference in means 4.07: 1.97-6.18 (95% CI); (t(38) 

= 3.93, p < .001)); and motor composite scores (difference in means 22.87 points; 

10.15-35.58 (95% CI); (z(33) = 3.39, p < .001)) and subscales, fine (difference in 
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means 2.41: .99-3.83 (95%CI); (z(33) = 2.93, p < .003)) and gross motor (difference 

in means 5.56: 2.3-8.82 (95%CI); (z(33) = 3.41, p < .001)). 

Both the cognitive and motor composite score were compared with Mann Whitney 

U tests due to the marginal skew in both data sets (Figure 3-1). 

 

 

Figure 3-1. Frequency distribution of the cognitive (A) and motor (B) composite scores collapsed 

across study groups.  

No term or VP born children scored within the clinically significant range for the 

cognitive scales at the 2 year assessment, when taking <85 as the cut off (Table 3-9). 

Nine VP children displayed language scores within the clinical range, with one infant 

scoring within the clinical range at for both language scores.  

2 year Bayley-III scale  Term (n=24) Preterm (n=26) 

Cognitive Composite 
N<85 0 0 

Mean score (SD) - - 

Language Composite 
N 0 9 

Mean score (SD) - 78.33 (7.05) 

Table 3-9. Count of children within the clinically significant range of <85 
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Again, the term infants scored on average 5 points higher than the expected 

standardised norms, therefore the z-scores utilising the term mean and standard 

deviation of the composite scores were produced in order to account for the 

variation between the two study cohorts. 

Table 3-10 explores the effect of study group, male sex and IMD quintile on the 2 

year cognitive z-score of the Bayley-III. At 30 months, study group did not have any 

predictive effect on the cognitive score as the outcome. 



 
 

 

9
3 

Table 3-10. Linear regression model with outcome as 30 month cognitive z-scores (F(3, 46) = 1.21, p = .32). The base group was set as the term born females with an IMD 

quintile of 1. 

 
 
 
 
Overall model fit R

^2
 = 0.07 

Predictor Term (n=24) Preterm (n=26) 

Coef 95%CI 

  
 

Median (range) Median (range) P 

Study 
Group 

- - -.38 -1.01 ς .25 .23 

Male Sex 14 (50) 21 (72.41) -.09 -.73 ς .55 .78 

IMD 
Quintile 

4 (1-5) 3 (1-5) .12 -.12 ς .35 .32 

Cog 
score 
(const.) 

  -.36 -1.30 ς .57 .44 -1.5 -1.0 -0.5 0.0 0.5 1.0

Coefficient	(95%	CI)
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3.2.3 Longitudinal Bayley-III cognitive scores 

Eighteen term and 22 VP infants completed the cognitive scale of the Bayley-III at 

both time points months (see table 3-11 for population demographics). The mean 

cognitive composite score for the VP infants increased by 2.5 points (± 1.51 (95%CI)) 

compared to smaller .27 point rise (± 2.08 (95%CI)) for the term born infants. The 

effect size within the term-born infants was .03 and within the VP .27. 

  Term (n=18) VP(n=22) 

Gestational age 
Median (range); 

weeks
+d

 
40

+3
 (38

+5
 ς 42

+0
) 26

+3
 (24

+0
 ς 29

+4
) 

Male sex  28 (52.83%) 23 (71.88%) 

IMD Quintile  1 2 5 

 2 4 3 

 3 3 5 

 4 4 7 

 5 5 2 

Cognitive composite 
12m 

Mean (SD) 105.56 (13.92) 99.09 (9.08) 

Cognitive composite 2 
years 

Mean (SD) 105.83 (11.28) 101.59 (13.31) 

Mean Difference  (95%CI) .27 (± 2.08) 2.5 (± 1.51) 

Table 3-11. Longitudinal population demographics for the cognitive scale on the Bayley-III at 12 

months and 2-2.5 years 

 

Table 3-12 and figure 3-2 shows the correlation coefficients between the cognitive 

scores collected at 12 months and 2 year time points.  

Bayley-III scale Cognitive Composite 

 N Correlation Coefficient (p) 

Total Cohort 40 .31 (.05) 

Term  18 .31 (.22) 

Preterm 22 .27 (.23) 

Table 3-12. Correlation coefficients between the 12 month and 2 year cognitive Bayley-III scores. 

 



 
 

95 
 

 

Figure 3-2. 12 month and 2 year Bayley-III correlation data for Term and Very Preterm children  

 

Table 3-13 displays the outcome of a random intercept linear mixed-effect model 

with cognitive composite scores at both time points as the dependent variable, 

participant ID as the random effects identifier and age of testing nested within the 

model. Study group was a significant predictor of the overall cognitive score, with 

the preterm regression coefficient of -6.55. The age of the assessment was not a 

significant predictor of the outcome, nor was male sex or IMD quintile 
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Table 3-13. Mixed effects regression model with outcome as cognitive scores over the 12 month and 2 year Bayley-III assessments. Only children with both time points 

ǿŜǊŜ ƛƴŎƭǳŘŜŘ ǿƛǘƘƛƴ ǘƘŜ ƳƻŘŜƭΦ ¢ƘŜ ǇǊŜŘƛŎǘƻǊ Ψ!ƎŜΩ ǿŀǎ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ index within the model. The base group was set as the 12 month cognitive score for the term 

born females with an IMD quintile of 1. 

 

Wald chi
2
 = 8.94, p = .06 

Predictor Term (n=18) Preterm (n=22) 

Coef. 95%CI 
  

 

 

Median (range) Median (range) P 

Age - - 2.11 -2.01 ς 6.24 .31 

Study 
Group 

40+3 (38+5-42+0) 26+3 (24+0-29+4) -6.55 -11.86 - -1.23 .02 

Male sex 9 (50%) 18 (81.82%) 3.09 -2.42 ς 8.60 .27 

IMD 
Quintile  

4 (1-5) 3 (1-5) 1.04 -.88 ς 2.96 .29 

Cog 
score 
(const.) 

- - 100.73 92.93 ς 108.63 .000 
-15 -10 -5 0 5 10

Coefficient	(95%	CI)
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3.2.4 Z-score analysis 

Consistent with previous research, the term infants in the current cohort scored 

higher on the cognitive scale of the Bayley-III than typically expected when utilising 

the normalised means provided by the tool. Due to this higher mean within the 

term group, z-scores were calculated for both cognitive composite scores at 12 

months and 2 years and will be used for all global cognitive performance 

adjustments within subsequent analysis chapters. By formulating a z-score based on 

the term born infants performances, a clearer interpretation can be made as to how 

the VP infants perform in relation to the controls on each of the EF, IP and attention 

tasks once global cognitive performance is adjusted for. Table 3-14 collates the 

scores at both assessment ages. 

  Term VP 

12m Cognitive 
scores 

 
(n=T:53; VP:32) 

Male  28 (52.83%) 23 (71.88%) 

IMD Quintile 
(Median; IQR) 

4 (2) 3 (2) 

Composite  
(mean; sd) 

107.83 (11.87) 98.28 (9.12) 

z-score  
(mean; sd) 

0 (1.00) -.80 (.77) 

24/30m Cognitive 
scores 

 
(n=T:24; VP:26) 

Male  14 (50%) 21 (72.41%) 

IMD Quintile 
(median; IQR) 

4 (2) 3(2) 

Composite  
(mean; sd) 

107.71 (12.42) 101.92 (12.81) 

z-score  
(mean; sd) 

0 (1.00) -.47 (1.03) 

Table 3-14. Cognitive composite and z-scores from the Bayley-III assessment at both 12 and 24/30 
month time points. 

3.3 Discussion 

The primary goal of the current thesis is to further our understanding of the VP 

ŎƘƛƭŘǊŜƴΩǎ ŎƻƎƴƛǘƛǾŜ ŀōƛƭƛǘƛŜǎ ǘƘǊƻǳƎƘ ǘƘŜ ŦƛǊǎǘ ǘǿƻ ȅŜŀǊǎ ƻŦ ƭƛŦŜΣ ǿƛǘƘ ŀ ǇŀǊǘƛŎǳƭŀǊ 

interest in determining any specific EF, IP and attentional difficulties. Thus, it is of 

high importance to have a global measure of cognitive performance to understand 

if any difficulties observed in later specific tasks are in line with general ability, or 

impaired above the level expected.   
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The results of the Bayley-III cognitive scale within the current investigation found 

the term infants scored on average 7 points higher than the VP infants at 12 months 

of age, and 5 points higher at 2 years. Although the term infants displayed a level of 

consistency in the scores at each age point, when looking within infants that had 

two measures there was a no longitudinal correlation observed. 

Within the preterm literature, a prominent question is how early delays or 

impairments can be accurately detected in order to develop successful, targeted 

interventions (Spittle et al., 2007). Previously, Bayley-III cognitive scores at 2 years 

have been reported to correlate with later cognitive performance abilities (Bode et 

al., 2014); limited evidence is available for the predictive validity at 12 months 

(Lobo and Galloway, 2013). The VP infants displayed a marginal increase in cognitive 

score at 2 years, however, when exploring those with two time longitudinal 

measures, using pairwise correlation, figure 3-2 displays the weak correlation 

between the scores across the two years. This draws into question the reliability of 

the scores as a measure of cognitive performance over the two years. Although it 

could be argued that the absence of a relationship between the 12 and 30 month 

scores reflects a discontinuity between the measures; the 12 month Bayley-III 

scores cannot be discounted without additional follow-ups. The increase in VP 

scores at the two year assessment but poor correlation to the score at 12 months 

could suggest that some of the VP infants are displaying an improvement in 

cognitive ability, but others a decrease. This would not necessarily infer the 

cognitive score at 12 months as incorrect, but it would make it a poor predictor at 2 

years. As seen in previous studies, for example the investigation by Lobo and 

Galloway (2013), the 24 month assessment is a better reflection of later 

performance in preterm infants; it could therefore be postulated that the 

performance differences here are showing more stability by the age of 2 years. 

Which of the scores, either at 12 months or 2 years, is the more accurate reflection 

of later ability within the current cohort will require further follow-up beyond the 

current investigation. However, the validity of this measure can be explored in 

ǊŜƭŀǘƛƻƴ ǘƻ ǘƘŜ ǘǿƻ ŎƻƘƻǊǘΩǎ ǇŜǊŦƻǊƳŀƴŎŜǎ ƻƴ 9CΣ Lt ŀƴŘ ŀǘǘŜƴǘƛƻƴ ǎǇŜŎƛŦƛŎ ǘŀǎƪǎΦ ¢Ƙƛǎ 
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will provide an insight into how well the measures are evaluating the abilities in 

relation to these cognitive skills. 

There has been much discussion within the literature regarding the score used to 

define developmental delay within the Bayley-III (Aylward, 2013; Johnson, Moore 

and Marlow, 2014; Anderson and Burnett, 2017). Previously, the Bayley-II had a 

combined cognitive and language score called the Mental Development Index (MDI) 

and was highly regarded for many years (Johnson and Marlow, 2006; Johnson, 

Moore and Marlow, 2014). Upon the introduction of the Bayley-III, where the 

cognitive and language assessments were separated into independent scales, 

although the Bayley-III scores correlated with the previous MDI scores, the Bayley-

III appeared to be producing scores approximately 7-10 points higher, making 

scores of 107 the norm, not appropriate for a standardised measure (Aylward, 

2013; Johnson, Moore and Marlow, 2014).  

Johnson, Moore and Marlow explored the differences in scores in a study in 2014 

with a cohort of extremely preterm infants. The conclusion reached was a cut off of 

<85 on either the cognitive or language scales is more representative of moderate 

to severe neurodevelopmental delay than the previously used score of <75. This 

higher cut off was more in line with those that had previously scored within the 

neurodevelopment impairment range of <70 on the MDI (Johnson, Moore and 

Marlow, 2014).  

Other methods of dealing with this discrepancy include using Developmental 

Quotient (DQ), generated by dividing the developmental age by the chronological 

age and multiplying by 100 (Milne, McDonald and Comino, 2012). This theoretically 

provides an estimated rate of development relative to a standardised sample. 

However, when investigating a group of children born preterm, particularly beyond 

the age of 2 years of age, there is often disagreement on whether to continue to 

adjust for the ŎƘƛƭŘΩǎ corrected age or use their chronological age. The use of this 

measure can therefore be hard to justify (Rickards et al., 1989; Sugita et al., 1990; 

de Jong et al., 2015). This method also assumes that the standard deviations of the 
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scores are comparable for all ages, however, that is not always the case and 

therefore the DQ could be considered less precise (Anderson and Burnett, 2017).   

Within the current cohort, no toddler scored within the mild to moderate clinical 

range for the cognitive score at 24 months (cognitive score <85). It could be 

postulated that the current results illustrates the poor sensitivity and predictive 

validity of the Bayley-III commonly reported in the literature, and mild cognitive 

impairments are not reflected in the scores (Anderson and Burnett, 2017). When 

comparing to previous studies, the current results of the Bayley-III appear unusual 

from a cohort of children born before 32 weeks of gestation. Previously, in a cohort 

of toddlers born at <30 weeks, 11% of the infants tested scored within the mild to 

moderate impairment range at 24 months (<85) (Spencer-Smith et al., 2015). These 

results echoed the study by Bode et al., (2014) who reported 18% of VP infants to 

score within mild to moderate range (GA <30 weeks). An investigation into the 

cognitive performance of extremely premature infants (birth at < 27 weeks 

gestation) at 2 to 3 years of age reported 10.2% to score <85 on the cognitive scale 

(Johnson, Moore and Marlow, 2014). These results are not supported in the current 

cohort, where 69% of the infants were born at <27 weeks gestation.  

These high Bayley-III scores could be a reflection of lower neonatal risks within the 

cohort. However, in the investigation by Spencer-Smith et al., (2015), 9% infants 

were reported to have had a IVH grade 3 or over compared to 19% of the current 

cohort, and 31% of the infants reportedly suffered with BPD compared to 61% of 

the current cohort. Although these characteristics have not been consistently 

related to later outcome, this is likely due to the difficulty in categorising the 

severity of illness within premature cohorts; previous reports have found 

associations between these conditions and later cognitive performances (Luu et al., 

2009; de Mello, Rodrigues Reis and da Silva, 2017). As the prevalence levels of these 

neonatal conditions do not differentiate the cohorts discussed from the current 

cohort, the high Bayley-III scores of the current population could therefore indicate 

the infants recruited onto the PDP are displaying a more typical trajectory. 

However, given what is known about preterm development and given the mean 
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gestational age of the cohort (approximately 26 weeks gestation), evidence would 

suggest this is not likely to be the case. 

Although the sensitivity and specificity of the Bayley-III scores are still being 

explored within the literature, there is some evidence that suggests performance at 

2 years may have a level of predictive validity for cognitive functioning later in life 

(Bode et al., 2014; Spencer-Smith et al., 2015; Breeman et al., 2016; Linsell et al., 

2017, In press).  Bode and colleagues found a correlation coefficient of .81 for the 

cognitive scale and .78 for the language scale of the Bayley-III when comparing 

scores to those collected in the WPPSI-III at 4 years of age in a group of preterm 

children (Bode et al., 2014). Spencer-Smith and colleagues also investigated the 

predictive nature of the Bayley-III at 2 years on later functioning using the DAS-II in 

a group of very preterm children, reporting a low sensitivity of the measure at 

detecting those within the mild to moderate range (Spencer-Smith et al., 2015). In 

contrast, an investigation into the relationship between cognitive function in 

childhood through to adulthood in a cohort of very preterm or low birth weight 

infants, by Breeman et al., (2015), reported a level of consistency within cognitive 

scores measured at 20 months of age to IQ scores reported in adulthood, even 

when excluding those within the severe range. This clearly illustrates the 

discrepancies within the literature regarding the use of the Bayley-III.  

From this exploration into the Bayley-III scores at 12 and 2 years, it can be 

concluded that there is an overall performance difference between the term and VP 

cohorts on global cognitive function. Although, none of the toddlers score within 

the clinically significant range at the 2 year time point for the cognitive scale, this 

does not rule out subtle impairments within the VP group, and compared to the 

term born infants there is a significant difference between the cohorts over the two 

time points. Due to this difference and given the discrepancies with the Bayley-III 

normative data within the literature, it is likely that the term born infants within this 

study are a better reference point for global cognitive performance. In order to 

ensure performance across subsequent task analyses is comparable, the z-scores 

calculated based on the term performance at each age point will be used to adjust 
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for global cognitive performance. For the tasks analysed in the first year, the 12 

month cognitive z-scores will be used, and for those conducted at 30 months the 2 

year z-scores will be used.  
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Chapter 4 Executive Functions 

EFs are considered top-down processes that influence the more routine or 

fundamental cognitive skills that have been automated over time following learning 

and repeated practice (Burgess, 1997). The progression of automatic processing to 

higher order functioning, allows for more control and process-driven behaviours 

that facilitate our ability to plan, troubleshoot and handle novel situations (Gilbert 

and Burgess, 2008). Deficits in these abilities can lead to impulsivity and distractible 

behaviours (Hughes, 2002) as well as difficulties in conceptual reasoning and later 

academic achievements (Aylward, 2005). Children born preterm consistently show 

poorer performance on EF tasks (Howard, K., Anderson, P. J., & Taylor, 2008; 

Mulder et al., 2009; Mulder, Pitchford and Marlow, 2011b; Rose, Feldman and 

Jankowski, 2011, 2012; Aarnoudse-Moens et al., 2013). 

Quantifying these cognitive processes has proved a challenge for many research 

groups due to the interrelated nature of these skills, in addition to the associated 

social and emotional influences (Burgess, 1997; Gilbert and Burgess, 2008). The 

understanding of the three sub domains of EF: inhibition, working memory, and 

cognitive flexibility have driven the development of EF assessments to 

predominantly focusing on one EF domain over the others. For example, inhibitory 

based tasks commonly require the individual to overcome a strong stimulus-

associated response; working memory tasks require the holding of information in 

mind over a period of delay; lastly, cognitive flexibility tasks require switching 

between rules or conditions or between two or more stimulus-based responses 

(Gilbert and Burgess, 2008). However, as discussed, assessing one domain incurs 

the use of the others because of the common factors between them, described by 

the unity and diversity model (Miyake et al., 2000; Miyake and Friedman, 2012). 

When studying the development of EF, research suggests that these skills improve 

with age (Beveridge, Jarrold and Pettit, 2002), with a substantial amount of EF 

research focusing on preschool and early school aged children. Age-related changes 

in EF abilities are often reflected in task complexity. For example, younger children 
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are more likely to score poorly on tasks with complex rules than older children who 

have the abilities to comprehend, remember and execute the task instructions 

(Hughes, 2002). In older children, this allows task parameters to be altered in order 

to assess the contribution of different EF domains on cognitive performance, 

providing a within subject understanding of EF maturity, such as working memory 

load capacity (Hughes, 2002). However, in very young children, this is not 

necessarily reflective of EF ability, but rather of language and/or motor abilities that 

could hinder the completion of the task. Therefore emphasis has been placed on 

the importance of age appropriate assessments for targeting EF in infancy and early 

childhood (Best and Miller, 2010), and can constrain assessments to specific 

methodological structures. 

Studies into the developmental trajectory of EF and the emergence of the sub-

domains have produced conflicting results, potentially due to the restrictive nature 

of infancy capabilities when attempting to target the different EF domains. A 

general consensus within the literature proposes all domains emerge and show 

signs of development during preschool years, with working memory and flexible 

thinking showing continued development into adolescence and beyond (Best and 

Miller, 2010; Roebers, 2017), yielding support for the unity and diversity model 

(Miyake et al., 2000). These developmental changes in EF ability are thought to 

reflect, in part, the adaptations of the frontal lobe during development. The 

prefrontal cortex is considered to predominantly govern EF abilities (Sun and Buys, 

2012a).  

The growth of the frontal lobe is protracted in human development. Prefrontal 

adaptations including synaptogenesis and myelination occur late in the pre- and 

perinatal period. It has been postulated that this area may be vulnerable to 

disruptions, such as hypoxic events, during preterm birth (Espy et al., 2002). 

Although the causality of EF deficits observed in ex-preterm populations is 

unknown, there are repeated reports of smaller regional volumes, such as the 

frontal lobes, basal ganglia and cerebellum, as well as disturbances in subcortical 
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white matter, correlated with poorer EF outcomes in ex-preterm populations 

(Nosarti et al., 2008; Sun and Buys, 2012a; Taylor and Clark, 2016).  

Impairments in EF are typically reported in later childhood for ex-preterm 

populations, the size of the deficit being proportional to gestational age at birth 

(Aarnoudse-Moens et al., 2011). Whether the deficits observed are specific to one 

EF domain or a more general disability, in the literature is undecided, as detailed in 

section 1.2. In any regard, two meta-analyses investigating ex-preterm 

performances on EF related tasks reported a consistent deficit in EFs across the 

preterm literature (Aarnoudse-Moens, Weisglas-Kuperus, et al., 2009; Mulder et al., 

2009). In contrast to the widely investigated difficulties observed in EF in later life, 

there is a limited understanding in the literature of when these deficits first emerge 

in preterm populations.  

In infancy, a number of studies have reported poorer performances in EF-related 

tasks in preterm cohorts ό{ǳƴΣ aƻƘŀȅ ŀƴŘ hΩ/ŀƭƭŀƎƘŀƴΣ нллфΤ [ƻōƻ ŀƴŘ DŀƭƭƻǿŀȅΣ 

2013). For example, preterm infants have been reported to display poorer working 

memory abilities in response to the A-not-B paradigm at 7 to 8 months of age (Sun, 

aƻƘŀȅ ŀƴŘ hΩ/ŀƭƭŀƎƘŀƴΣ нллфύ, and have displayed poorer learning to the conjugate 

mobile reinforcement paradigm at 3 months of age (Lobo and Galloway, 2013). 

IƻǿŜǾŜǊΣ ǘƻ ǘƘŜ ŀǳǘƘƻǊǎΩ ƪƴƻǿƭŜŘƎŜΣ ƴƻ ǎǘǳŘƛŜǎ ǘƻ ŘŀǘŜ ƘŀǾŜ ŜȄŀƳƛƴŜŘ ǘƘŜ 

trajectory of these abilities over the first year into the toddler years. It is unclear 

how deficits observed in the first year fit into the older cognitive profile of children 

born preterm.  

Pre-school and older children have been extensively studied in the very preterm 

population (Espy et al., 2002; Vicari et al., 2004), but very few studies have 

investigated EF performance in toddlers (Ross et al., 1996; Pozzetti et al., 2014). In 

those that have, the results of EF tasks are mixed. For example in a study by Ross et 

al., (1996), significant differences between 28 month old term and preterm toddlers 

were reported on a hidden object task (a working memory assessment) and a 

reverse response set paradigm (a cognitive flexibility assessment). In contrast,  
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Pozzetti et al. (2014) only reported differences between preterm and term born 

toddlers on cognitive flexibility measures. Differences between these investigations, 

from population demographics, to task procedures, could explain these findings. 

The absence of investigations into this age range leaves a large gap in our 

understanding on the emergence of deficits in preterm populations.  

The current investigation aims to provide additional evidence by exploring EF 

abilities within a longitudinal cohort.  

The following chapter uses established investigations to understand the relationship 

between emerging EF over the first 2 years after birth in a very preterm population 

and more conventional measures of developmental outcome, the cognitive scale of 

the Bayley-III. It is hypothesised that differences will be observed in EF 

performances across both the first and second year assessments. Due to the nature 

of the development of EF, currently there are no established tasks available that 

assess EF abilities in the both first and second years. The necessity of increasing task 

complexity with age in order to challenge EF performances unfortunately hampers 

direct comparisons between the tasks from the first to the second year. 

Nevertheless, a detailed observation of EF abilities over the first two years, in a 

population in whom difficulties are predicted could provide a clearer theoretical 

understanding of how EF develops. With this greater understanding, better 

detection of early difficulties could be established. Subsequently, custom targeted 

inventions then could be developed to optimise the developmental trajectories of 

children showing signs of early delay. 

The EF tasks will be reported in age order to acquire an understanding of how 

differences in EF performance evolve with age. 
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4.1 Methodologies and procedures 

4.1.1 Delayed Response Task (DRT) 

The Delay Response Task (or DRT) was administered at the 6 month time point, with 

the version used similar to that used by Schwartz and Reznick, (1999) and Noland et 

al. (2010), using ocular movements to determine correct responses (developed 

originally by Gilmore and Johnson (1995)). The current task design was developed 

by Natasha Mooney, who has an abstract on her work with this task published in 

DMCN. 

The premise of this task in the first instance is to assess early working memory 

capabilities by presenting the infant with a stimulus in a specific location and 

assessing their ability to remember this location after a delay. The DRT format has 

been a long established assessment of frontal lobe function both in human and non-

human primates (Fuster, 1973). Improved performance in such task were noted 

from 6 to 12 month infants by Diamond and Doar, in line with prefrontal cortex 

development (1989). A delayed response task was selected due to its established 

success in the literature for determining early cognitive functioning in infants 

(Garon, Bryson and Smith, 2008), and the well-known link between the frontal lobe 

and EF performance (Diamond and Doar, 1989). At 6 months of age, infants have 

been shown to be able to retain information in mind for a period of a few seconds, 

and this ability increases with age. The success of other EF tasks, for example the A-

not-B paradigm, are typically confounded by immature motor and planning abilities 

at this age (Thelen, Corbetta and Spencer, 1996). Therefore ocular movements were 

utilised for this paradigm to provide the best reflection of EF performance. 

In preterm infants, there is limited research utilising Delayed Response paradigms 

at 6 months of age. The majority of investigations occur in the second half of the 

first year, utilising paradigms such as the A-not-B ό{ǳƴΣ aƻƘŀȅ ŀƴŘ hΩ/ŀƭƭŀƎƘŀƴΣ 

2009; Sun and Buys, 2012a). 
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4.1.1.1 DRT Apparatus and methodology 

The DRT apparatus consisted of a 90 x 60cm screen securely fastened to a narrow 

table 72cm high. The screen contained 2 windows of the same dimension (15cm x 

21cm) cut 9cm in from each side of the screen and 7cm from the top. On the back 

of the screen, a roller blind was secured at the top with a pull that would lower and 

raise the curtain during the task. The infant was sat on the parent or guardians lap 

on a chair in front of the screen. The chair was adjusted so that the infant was 

positioned in the centre of the screen and approximately 150cm way. During the 

task, a camera was secured to the top centre of the screen so that the infant was in 

full view and their eye gaze fully visible. The experimenter sat behind the table. A 

black cloth was laid over the table, beneath the screen, to obscure the 

experimenter sat behind.  

During the task, 2 stimuli were presented to the infant from the windows in the 

screen. In this version of the task, a non-social stimulus, or a social stimulus was 

presented. The non-social stimulus was one of two rattles, either a round rattle 

comprised of 2 pink bowls filled with rice, and decorated with pompoms, or the 

typical shape of an infant rattle with a stem and oval end in blue, yellow and red 

colours, but was not a common toy that the child was likely to have come into 

contact with. Neither rattle displayed any social reference and when shaken in the 

windows of the screen during the task, was held in a way that did not display any 

ǇŀǊǘ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŜǊǎΩ ōƻŘȅΦ ¢ƘŜ ǎƻŎƛŀƭ ǎǘƛƳǳƭǳǎ ǿŀǎ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŜǊ 

themselves, presenting their face in the windows of the screen. Upon presenting 

their face in the window, the experimenter wƻǳƭŘ ǎŀȅ ΨIŜƭƭƻ ϝƛƴŦŀƴǘǎ ƴŀƳŜϝΣ ƘŜƭƭƻΩΣ 

ƛƴ ŀƴ ŜƴǘƘǳǎƛŀǎǘƛŎ ƳŀƴƴŜǊ ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ ƛƴŦŀƴǘǎΩ ŀǘǘŜƴǘƛƻƴΦ 

The DRT comprised of 3 test phases; a pre-test phase and a social and a non-social 

condition. The infant was first shown the pre-test phase where a paired comparison 

screening took place. The comparison displayed both the non-social stimulus and 

the experimenters face simultaneously, one in each window. Simultaneous 

comparison presentation was repeated twice, alternating the stimuli between 
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windows in the two trials. The order of the side of social stimulus presentation was 

counterbalanced between infants. Preceding the pre-test phase, either the social or 

non-social condition was initiated, the order of which was counterbalanced 

between infants. Both conditions started with the lowering of the roller blind. Once 

at the bottom the experimenter waited for 3 seconds before lifting the blind again, 

being careful not to expose any of their body to the infant through the windows of 

the screen. Once the blind was lifted, the experimenter waited for 5 seconds before 

either presenting the non-social stimulus or social stimulus in one of the windows. 

This 5 second delay was the response window for the infant to direct its gaze to the 

previous stimulus presentation window, where they should be expecting the 

stimulus to re-appear (this was not possible on the first trial as no trial had 

ǇǊŜŎŜŘŜŘ ǘƘƛǎύΦ ¢ƘŜ ΨŎŀƭƭΩ ƻŦ ŜŀŎƘ ŎƻƴŘƛǘƛƻƴ ƭŀǎǘŜŘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ р ǎeconds each, in 

ƻǊŘŜǊ ǘƻ ƻǊƛŜƴǘ ǘƘŜ ƛƴŦŀƴǘǎΩ ŀǘǘŜƴǘƛƻƴ ǘƻ ǘƘŜ ǿƛƴŘƻǿ ƻŦ ǇǊŜǎŜƴǘŀǘƛƻƴΦ ¢ƘŜ ƴƻƴ-social 

stimulus was rattled for 5 seconds, and the experimenter called the infant using the 

phrase above whilst at the window. The roller blind was then lowered and the next 

trial would begin. The infants gaze was recorded in the response window after the 

completion of the first trial, when the curtain was re-opened before the 

presentation of the second stimulus condition. 

¢ƘŜ ƛƴŦŀƴǘΩǎ ƛƴƛǘƛŀƭ ƎŀȊŜ ŘƛǊŜŎǘƛƻƴ ŀŦǘŜǊ the opening of the curtain on each trial was 

recorded as correct or incorrect according to the side of the preceding stimulus 

presentation (Reznick et al., 2004). Due to this, the first trial performed could not be 

recorded as a test trial for the first condition as there were no preceding trials. A 

total of 10 responses for each condition was required from the infant, therefore to 

achieve this, 10 trials were conducted for the first condition, and 11 for the second. 

The first trial of the second condition was still and assessment of working memory 

for the previous condition as the response window precedes the next new stimulus 

presentation. For clarity, please see figure 4-1.  

The sound of the roller blind was clearly audible within the videos and was used to 

determine the start and finish of each trial. Upon hearing the roller blind lift, the 

direction of the infantΩs first look was marked as the response to the previous trial. 
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If the infant looked towards the location of the previous stimulus, a correct 

response was awarded. If the infant looked towards the incorrect direction, an 

incorrect response was recorded. If the infant failed to look at the apparatus in the 

response window, this was recorded as not looking. 

The total number of correct trials for each condition was recorded then divided by 

ǘƘŜ ǘƻǘŀƭ ƴǳƳōŜǊ ƻŦ ǘǊƛŀƭǎ ŦƻǊ ǘƘŀǘ ōƭƻŎƪΦ ¢Ƙƛǎ ƎŀǾŜ ŀ ΨǇǊƻǇƻǊǘƛƻƴ of ŎƻǊǊŜŎǘΩ for each 

condition. Although the aim was to obtain 10 trials for each condition, this was not 

always possible due to the temperament of the infant. The results were collapsed 

across conditions, but a minimum of 8 completed trials per condition were required 

for infants to be included in the analysis, to ensure there was no social bias within 

the results. 

bƻǊƳŀƭ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ ΨǇǊƻǇƻǊǘƛƻƴ ŎƻǊǊŜŎǘΩ ǾŀǊƛŀōƭŜ ƳŜŀƴǘ ŀ ǘ-test was carried 

out to compare the study group performances (term vs VP). The number of trials 

where the infants were not looking (total not-looking), were not normally 

distributed and therefore were compared using Mann-Whitney U-test. The variable 

ǎŜƭŜŎǘŜŘ ŀ ǇǊƛƻǊƛ ǘƻ ōŜǎǘ ǊŜŦƭŜŎǘ ǘƘŜ ǇŜǊŦƻǊƳŀƴŎŜ ƻƴ ǘƘƛǎ ǘŀǎƪ ǿŀǎ ǘƘŜ ΨǇǊƻǇƻǊǘƛƻƴ 

ŎƻǊǊŜŎǘΩΦ ! ǊŜƎǊŜǎǎƛƻƴ model was produced with this main performance variable as 

the outcome measure, with the specified predictors stated in chapter 2 section 2.3 

additionally included. 
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Figure 4-1. Trial procedure and counterbalance order of stimulus 

presentation in the Delayed Response Task. As the response window 

precedes the stimulus presentation, the correct response is the side 

of the preceding trial presentation. 
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4.1.2 A not B Paradigm (AB task) 

At 12 months of age, EF was measured using a task with a similar format to the 

delayed response task, the Piagetian A not B paradigm (AB) (Piaget, 1954; Diamond, 

1985). The AB paradigm is a long-standing assessment of EF, particularly working 

memory in children within their first year and has long been considered to reflect 

developmental milestones (Rose, 1983). 

The administration used the standard method. The task required infant to attend to 

a stimulus whilst it was hidden in location 1 in the first instance. This primary step of 

the task recruits attentional control in order to later correctly reach for the object in 

location 1 (Reynolds and Romano, 2016). Following two correct retrievals, the 

object hiding location was switched and the infant had to inhibit the established 

prepotent motor response that gave rise to the reward of the toy in the first two 

trials. If the infant correctly identified the toy following the switch, the procedure 

was repeated and a delay was imposed before the infant was allowed to search on 

subsequent trials. Working memory networks were therefore challenged following 

the short delays (Schwartz and Reznick, 1999; Espy et al., 2002; Reynolds and 

Romano, 2016). When the infant did not correctly identify the toy following the 

switched hiding location, the task was terminated and the infant was termed to 

ƘŀǾŜ ǎƘƻǿƴ ǘƘŜ ǇǊŜǎŜǊǾŀǘƛǾŜ Ψ!-not-.Ω ŜǊǊƻǊΦ  

The Ψ!-not-.Ω ŜǊǊƻǊ (AB error) has been found to emerge between 7 and 8 months 

(Wellman, Cross and Bartsch, 1987). From this age onwards, performance has been 

shown to display marked improvements with age, with the length of delay tolerated 

increasing over the first year (Diamond, 1990; Thelen, Corbetta and Spencer, 1996; 

Garon, Bryson and Smith, 2008). This task therefore is seen a good reflection of EF 

capabilities at 12 months.  

Previous studies with preterm infants have found mixed results on this task (van de 

Weijer-Bergsma, Wijnroks and Jongmans, 2008), highlighting inconsistencies in this 

population. Significantly higher AB errors have been reported in preterm infants 
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compared to term born peers at 8 (Sun and Buys, 2011), and 10 months of age 

(Ross et al., 1992) when corrected for prematurity. In contrast, in 6 to 14 month old 

infants longer delays have been tolerate in preterm infants over terms born 

controls before the AB error was observed (Matthews, Ellis and Nelson, 1996). The 

latter study however, utilised a non-reaching version of the AB paradigm, allowing 

for the younger ages to be assessed and included preterm infants considered to be 

low-risk as their mean prematurity was -31.9 days. This therefore could explain the 

discrepancies with other population reports. In any regard, performance differences 

are not conclusive, and the literature calls for further investigations for additional 

clarity. 

4.1.2.1 A-not-B Apparatus and methodology  

Figure 4-2 illustrates the apparatus used for this paradigm. The infant sat on a 

parent/carerΩs lap on one side of an elongated table with the experimenter on the 

other. The testing table contained two wells (10cm x 10cm) of a depth of 8cm. 

Within these wells, the experiment hid a toy for the infant to find. In a pre-test 

period, the infant was given the toy to play with for a period of time before 

commencing the task, so that there was a desire to locate the toy. If one toy did not 

create any level of enjoyment, the toy was changed as it was important the child 

displayed some interest in the object being hidden. Once the pre-test period was 

complete, the task initiated by hiding the toy in the left or right well. The toy was 

placed into a well when full attention of the child was on the toy. As the toy was 

placed into the well, the experimenter ǎǘŀǘŜŘ ΨL ŀƳ ƘƛŘƛƴƎ ǘƘŜ ǘƻȅ ƛƴ ƘŜǊŜΩΦ ¢ƘŜ 

experiment then simultaneously covered both wells with the 2 orange cloths 

illustrated in Figure 4-2Φ ¢ƘŜ ŜȄǇŜǊƛƳŜƴǘŜǊ ǘƘŜƴ ŀǎƪŜŘ ǘƘŜ ƛƴŦŀƴǘ ΨǿƘŜǊŜ ƛǎ ƛǘΚΩ ƛƴ 

combination with a hand gesture where they opened both hands and raised their 

shoulders. If the infant correctly identified the well containing the toy, the child was 

allowed to play with it for a short period. If the toy was not correctly identified, the 

experimenter initiated the second trial. Each trial followed the same format.  
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The initial well the toy was hidden in, was counterbalanced between infants to 

avoid any bias (please see Table 4-1). The criterion set for the paradigm, asked the 

infant to correctly identify the toy in the same location on 2 consecutive trials 

before the location of the toy was switch to the alternative well. Upon correct 

identification after a switch, a delay of 5 seconds was introduced, where the 

experimenter paused after placing the toy in the well and covering the cloths. The 5 

seconds was counted out loud whilst maintaining the ƛƴŦŀƴǘΩs eye gaze. The infant 

was then asked to locate the toy again. If the infant again located the toy on 2 

consecutive trials and on the switch, the delay was increased by another 5 seconds. 

This continued until the child made an error on the switch trial. If the infant did not 

ŎƻǊǊŜŎǘƭȅ ƛŘŜƴǘƛŦȅ ǘƘŜ ǘƻȅ ƻƴ ǘƘŜ ǎǿƛǘŎƘΣ ǘƘƛǎ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ Ψ!.Ω ŜŦŦŜŎǘ ŀƴŘ ǘƘŜ 

task was terminated. 

¢ƘŜ ƛƴŦŀƴǘǎΩ ǊŜǎǇƻƴǎŜǎ ǿŜǊŜ ǾƛŘŜƻ ǊŜŎƻǊŘŜŘ ŀƴŘ ǎŎƻǊŜŘ ƻŦŦƭƛƴŜΦ ¢ƘŜ AB error was 

coded according to the delay that the infant reached. For example, if the infant 

reached the 10 second delay after previously correctly selecting the location of the 

toy at 5 seconds, and then proceeded to meet the criterion and find the toy 

correctly on two consecutive trials with a 10 second delay before not correctly 

finding the toy on the switch, the infant was given the score of 10 for the AB error. 

All infants included in the analyses were required to meet the criteria for the switch 

at each level. Although an infant may pass the first level, on occasions, the task was 

not completed, and therefore the level at which the AB error occurred was not 

achieved. 

The variable selected a priori to best reflect the performance on this task was the 

AB error. The ordinal nature of this variable dictated the use of a Mann-Whitney U-

test to explore any group differences, although the same statistical procedure 

stated in section 2.3 was followed to explore the data. The regression model fitted 

was an ordinal logistic regression with the AB error as the dependent variable and 

predictors included were consistent with the procedure stated in section 2.3.  
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Figure 4-2. Illustration of A not B apparatus including table dimensions; trial counterbalance order;  

and paradigm procedure table  

 

 

 

 

Table 4-1. Counterbalanced order for trials in AB paradigm 

 

 

Counterbalance order of 
trials 

0 sec 5 secs 10 secs 20 secs 

Counterbalance order 1 RRL LLR RRL LLR 

Counterbalance order 2 LLR RRL LLR RRL 

Paradigm trial procedure:-  

9ȄǇŜǊƛƳŜƴǘŜǊ 

LƴŦŀƴǘ 

/ƭƻǘƘǎ 
²Ŝƭƭǎ  

олŎƳ 

флŎƳ 

тнŎƳ 

уŎƳ 

20 secs 

0 secs 

Pass 

5 secs 

Fail 

10 secs 
Finish ς score 
of 5s 

15 secs 

Pass Fail 

Pass Fail 

Finish ς score of 
0s 

Finish ς score of 
10s 

Pass 
Fail 

Finish ς score of 
15s 
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4.1.3 Dimensional Change Card Sort Task 

¢ƘŜ Ψ5ƛƳŜƴǎƛƻƴŀƭ /ƘŀƴƎŜ /ŀǊŘ {ƻǊǘ ¢ŀǎƪΩ ƻǊ 5//{ (Zelazo, Frye and Rapus, 1996; 

Zelazo, 2006) was the EF task administered at 30 months of age with a predominant 

focus on cognitive flexibility. The standard procedure detailed by Zelazo was the 

protocol utilised for the task (Zelazo, 2006), with the stimuli produce by the Carlson 

lab, (Carlson, 2013). 

The DCCS task comprised of two sorting boxes and a selection of sorting cards. The 

cards varied on two dimensions, with the sorting box displaying the same, yet 

inverse dimensions. The task required the child to sort according to each of the 

dimensions in turn. If both dimensions were correctly sorted, the cards were 

changed and the next level was administered. The complexity of the different 

dimensions increased with each level. 

It has been observed that children of 30 months of age find it difficult to integrate 

two aspects of a picture that are not part of the same object, or, separate the 

colour of an object from its shape. Diamond and Kirkham (Diamond, Carlson and 

Beck, 2005) suggest this is not an inability to recognise the two features, rather 

seeing the same picture from two different perspectives and integrating this 

information is too challenging. When given pictures with only one discernible 

feature, 3 year olds can sort with ease. It is only when the second dimension is 

added that confusion arises.  

The rules of the paradigm consistently switch, requiring the child to adapt their 

behaviour according to the rule changes. The more complicate the instruction or 

rule, the greater the working memory load. Success at this tasks is theorised to 

require all of the EF subdomains (Diamond, Carlson and Beck, 2005; Garon, Bryson 

and Smith, 2008). Although, fundamentally, the child needs to inhibit the secondary 

feature of the picture to sucessfully pass the trial, without the flexibility to adapt 

their behaviour or the ability to hold the rule in mind, failure is likely to occur 

(Diamond, Carlson and Beck, 2005). 
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Unlike three year olds who have been extensively investigated with the DCCS 

paradigm, research into EF performance is limited in the toddler age range (Garon, 

Bryson and Smith, 2008; Pozzetti et al., 2014). The use of this task, although well 

established in older children, was experimental in the current investigation in 

regards to the ǘƻŘŘƭŜǊΩǎ capacity to understand what was required from them. Two 

additional measures of EF, the BabyScreen App and Multi-Location Multi-step 

paradigm were additionally included in the 30 month assessment battery in support 

for the use of the DCCS at this age. However, both had predominant processing 

speed measures and will be considered in the information processing chapter 

(Chapter 6). 

4.1.3.1 DCCS Apparatus and Methodology 

The apparatus consisted of two sorting boxes, with a selection of sorting and target 

cards. The apparatus was set up so that the two sorting boxes were placed between 

the experimenter and the child, within reaching distance of both. Each sorting box, 

with the dimensions of 9cm X 12cm X 16cm, had a target card placed on the front 

and back of the box. All sorting cards displayed the target image. This image 

differed in dimension and complexity with advancing conditions. The sorting cards 

were white on the back and laminated with the approximate dimensions of   8cm X 

13cm.  

 
Figure 4-3. Dimensions and set up of the Dimensional Change Card Sort task sorting boxes, cards 

and target cards. The example shows level 3 of the DCCS task where the child is asked to sort first 

by colour, then by shape. 

9cm 

Sorting boxes 

Target cards 

Sorting cards 

13cm 

8cm 

12cm 

16cm 
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At 30 months, the task begun with the simplest condition. Condition 1 saw a target 

card of an elephant and fish placed on the two separate sorting boxes. The 

experimenter read from the standardised script written by Carlson et al., (2013) in 

combination with gestures: ΨǿŜ ƘŀǾŜ ǘƘŜǎŜ ǘǿƻ ōƻȄŜǎ ƘŜǊŜ, this box has a fish on it 

[gestured to the left box], this box has an elephant on it [gestured to the right box]. 

This is the fish game. In the fish game, all the fish go in the fish box, because that is 

where they belong. See here is a fish [held up fish demo sorting card], fish go here 

ώǇƭŀŎŜŘ ǘƘŜ ŦƛǎƘ ŎŀǊŘ ƛƴǘƻ ǘƘŜ ŦƛǎƘ ǎƻǊǘƛƴƎ ōƻȄϐΩΦ ¢ƘŜ ŎƘƛƭŘ ǿŀǎ ǘƘŜƴ ŀǎƪŜŘ ΨǿƘƛŎƘ ōƻȄ 

Řƻ ǘƘŜ ŦƛǎƘ Ǝƻ ƛƴΚΩΦ ¢ƘŜȅ ǿŜǊŜ ƎƛǾŜƴ н ƻǇǇƻǊǘǳƴƛǘƛŜǎ to correctly identify the 

appropriate sorting box. Irrespective of the response on the second check, the trial 

continued.  

Each condition comprised of 10 trials split into 2 sections, a and b. The sorting rule 

changed between part a and b, with the target cards remaining the same for both 

parts. For example, condition 1, the child was asked to sort the fish cards for part a 

and then was verbally instructed that the rule had changed, and they now needed 

to sort the elephants cards into the other sorting box. 4 or more cards needed to be 

correctly sorted in order to move on to the next section. If the child passed the 2 

sections, the target cards were removed and the new condition was introduced.  

The coding of the task required the recording of the total correct trials achieved and 

the highest level passed. All subjects had the same basal level, 1a due to their age 

and understanding. The main outcome measure for this task was the highest level 

completed. As noted, each condition comprised of parts a and b. If the child 

successfully passed part a, but failed to sort җ4 cards on part b, the highest level 

passed was part a. For the purposes of the data analysis, each level was numbered 

incrementally, e.g. 1a and 1b was coded, level 1 and 2. An additional measure that 

was investigated within this paradigm was the total number of correctly sorted 

cards (total number correct trials).  

Two sets of analyses were completed with this task. Primarily all participants to 

successfully complete the task were analysed, followed by a second analysis which 
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took language abilities into consideration. Participants are excluded on the basis of 

the following criteria: score lower that 1SD below the standardised mean on the 

language composite score in the Bayley-III (<85) at 2 years, a proportional 

comprehension score <1SD below the cohort mean on the OCDI (<.76), or if no 

language score was available. A number of the term born children (11/25) did not 

complete the language scale of the Bayley-III at the 30 month assessment, typically 

due to fatigue during the assessment. Although there were no language concerns 

from the assessment team, the Oxford Communicative Development Inventory 

(OCDI) was completed by all parents. The prospective cohorts will be described in 

detail in section 4.2.3. 

The variable selected a priori to best reflect the performance on this task was the 

highest level completed. Due to the ordinal nature this variable, although the same 

statistical procedure stated in section 2.3 was followed to explore the data, a Mann-

Whitney U-test was the most appropriate for an outcome variable of this nature. 

The total number of trials completed was a secondary focus within the results and 

displayed a marginally positively skewed, with a Shapiro-wilk test result of 0.04. The 

data was transformed, but normality was not reached, therefore a Mann-Whitney 

U-test was performed. 

4.1.4 Longitudinal exploration of EF analyses 

The final set of results reported in the current chapter looks at the relationship 

between the EF task performances in the first year to the EF measure at 30 months. 

Due to the ordinal nature of the DCCS, an ordinal logistic regression model was 

fitted to the data including the previously defined demographic variables: study 

group, male sex, and IMD quintile, and included the primary outcome variables for 

the DRT and AB paradigm: total proportion correct and time to AB error 

respectively. This model was then repeated with the additional inclusion of the 30 

month cognitive z-scores of the Bayley-III. 
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4.2 Results 

The results of the three EF tasks are detailed below in age of administration order. 

For each task, a summary of the demographic information is initially provided as 

each task had a different sub population of the overall longitudinal cohort. Within 

the demographic information the Bayley-III cognitive scores provided are from the 

assessment nearest in age to the experimental task; for the DRT at 6 months and 

the AB task at 12 months, the 12 month Bayley-III score is provided; for the DCCS, 

the 30 month cognitive scores are provided. Unfortunately due to a number of 

factors, including infant temperament, incomplete datasets and missed 

appointments, not all participants completed all assessments at all ages. This 

explains the n number differences for the Bayley-III scores and the total number of 

children to complete each task as not all completed both. 

4.2.1 DRT at 6 months age 

During the 6 month assessment phase, 57 term born and 33 VP infants completed 

the DRT (Table 4-2) assessed on the ability to remember the location of the 

previous stimulus. During the paradigm, neither study group displayed a response 

above chance when ocular movements ǿŜǊŜ ǳǎŜŘ ǘƻ ƛŘŜƴǘƛŦȅ ǘƘŜ ƛƴŦŀƴǘΩǎ response 

(Table 4-3; Figure 4-4). This was not confounded by the number of infants not 

looking towards the apparatus as there was no difference observed between groups 

in the number of trials where the infant was not looking (Table 4-3). 
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  Term (n=57) VP (n=33) 

Gestational age 
Median (range); 

weeks
+d

 
40

+3
 (37

+1 
ς 42

+1
) 26

+2
 (23

+6
 ς 31

+4
) 

Male sex  28 (49%) 22 (67%) 

IMD Quintile  1 4 5 

 2 10 8 

 3 8 12 

 4 21 9 

 5 16 4 

Bayley-III cognitive 
composite score at 12m 

Mean (SD) 
(n:T=44; VP=25)  

110.23 (11.26) 99.6 (8.89) 

Bayley-III Cognitive z-
score at 12m 

Mean (SD) 
(n:T=44; VP=25) 

.2 (.95) -.69 (.75) 

Table 4-2. Demographic details of infants included in Delayed Response Task analysis. 

No effect of group was seen in the total proportion of correct trials (t(88) = -.14, p = 

.89; see Figure 4-4); nor was there an effect of group on proportion of not-looking 

trials (z(88) = 1.41, p = .158). No correlation was observed between the total 

number correct and the 12 month cognitive z-scores (r = -.16, p = .17).  

Variable  Term, n=57 Preterm, n=33 

Mean total proportion correct 

(SD) 

.46 (.12) .47 (.13) 

Mean number of trials not-

looking (IQR): 

1.72 (2.34) 0.88 (1.16) 

Table 4-3. Mean proportion of correct trials in Delayed Response Task collapsed across the social 

and non-social conditions (total correct looks/total trials completed). Mean number of Ψtrials not 

lookingΩ ŘǳǊƛƴƎ 5w¢ where the infant failed to look towards the equipment during the response 

window. 
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Figure 4-4. Total proportion of trials correct in Delayed Response Task by study group. A t-test was 

used to compare the proportions in each group that correctly identified the location of the 

previously observed stimulus.  

 

Table 4-4, presents the results of the linear regression model for the total 

proportion correct as the primary outcome measure. Following regression, no 

differences remained between the VP and term groups but better test performance 

was independently associated with male sex. The model only accounted for 10% of 

the variance in the outcome. 

0.0

0.2

0.4

0.6

0.8

1.0

Term
n=57

Preterm
n=33

t(88) = -.14, p = .89

Study group

P
ro

p
o

rt
io

n
 o

f 
D

R
T

 t
ri

a
ls

 c
o

rr
e

c
t 

(m
e

a
n

, 
9

5
%

 C
I)



 
 

 

1
2

3 

Table 4-4. Linear regression model looking at the proportion of correct looks in DRT (F(3, 85) = 3.19, p = .03). SES for one term-born infant missing, therefore this infants 

data was excluded from the model. The constant for the model was coded as term-born females with an IMD quintile of 1.  

 

Overall model fit R
2
 = 0.10 

Predictor Term (n=56) Preterm (n=33) 

Coef. 95%CI 
  

 

 

Median (range) Median (range) P 

Study 
Group 

40+2 (37+1 ς 42+1) 26+5 (23+6 ς 31+4) -.02 -.07 ς .04 .50 

Male sex 27 (48.2%) 22 (66.7%) .07 .02 ς .12 .01 

IMD 
Quintile  

4 (1-5) 3 (1-5) -.01 -.04 ς .01 .20 

Const - - .46 .39-.54 .000 

-0.10 -0.05 0.00 0.05 0.10 0.15

Coefficient	(95%	CI)
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4.2.2 AB task at 12m age 

During the 12 month assessment phase, 43 term born children and 36 VP children 

completed the AB task. Performance was defined by the number of seconds delay 

before the AB error occurredΣ ŀƭǎƻ ǘŜǊƳŜŘ ΨǘƛƳŜ ǘƻ AB ŜǊǊƻǊΩ. Both study groups 

tolerated the same length of delay.  

  Term (n=43) VP (n=36) 

Gestational age 
Median (range); 

weeks
+d

 
40

+1
 (37

+1
 ς 42

+0
) 26

+2
 (23

+4
 ς 31

+4
) 

Male sex  21 (48.84%) 24 (66.67%) 

IMD Quintile  1 6 5 

 2 7 7 

 3 5 10 

 4 15 9 

 5 10 5 

Bayley-III cognitive 
composite score at 12m 

Mean (SD) 
(n:T=43; VP=29)  

107.79 (12.64) 98.79 (9.03) 

Bayley-III Cognitive z-
score at 12m 

Mean (SD) 
(n:T=43; VP=29) 

0 (1) -.76 (.76) 

Table 4-5. Demographic details of infants included in A-not-B paradigm analysis. 

 

Seven of the 43 term infants and 7 of the 36 VP infants did not to reach the task 

criterion of 2 correct retrievals of the toy at the start of the paradigm (z = .48; p = 

.63); the infants that did not pass this initial criterion therefore did not continue 

through the rest of the paradigm (Table 4-6).  

Having passed the initial criterion, 6 term born and 3 VP infants did not complete 

the task and were excluded from the analyses as the paradigm was terminated 

early, leaving 30 term and 26 VP infants who displayed an AB error (Table 4-6). 

Overall, no effect of group was seen in the number of seconds to AB error after 

excluding those that did not meet the task criterion (z(68) = 1.41, p = .158; see 

Figure 4-5). A positive correlation was observed with the 12m cognitive z-scores (r = 














































































































































































































































































































































































































































































































































