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Abstract
Intentions are things we want to do in the future (e.g. post a letter). The ability
that allows us to form, maintain and execute delayed intentions is referred to as
prospective memory. The first aim of my research was to explore whether the
lateral increase and medial decrease in prefrontal cortex activity associated
with prospective memory, as demonstrated in previous neuroimaging studies,
can be replicated using functional-near infrared spectroscopy (fNIRS). Study 1
only found neural difference between intentions related to objects (non-social
cues) and intentions related to faces (social cues). Study 2 also failed to
replicate the lateral-medial dissociation, and was thus adapted in Study 3 to
include additional within-subject factor of posture (laying down versus sitting),
to account for potential differences between fMRI and fNIRS findings. The
findings from Study 3 provided the first demonstration of increased lateral and
decreased medial prefrontal cortex activation pattern using fNIRS. The second
aim was to explore the effects of value of intentions: our motivation to fulfill
delayed intentions is presumably related to the value attached to those
intentions. In Experiment 1 prospective memory performance was modulated
as a function of monetary value attached to two concurrent intentions.
Participants performed better for high-value intentions, when compared to lowvalue intentions. Experiment 2 examined two other properties of value:
monetary (Gain/Loss) and social framing (Self/Other). Participants either
received a reward for fulfilling intentions (Gain), or incurred deductions when
they failed to execute intentions (Loss). Also, participants either earned rewards
for themselves (Self), or for their partner (Other). In the GainSelf and GainOther
conditions, performance was better for high- versus low-value intentions, while
in the LossSelf and LossOther conditions there was no difference. In sum, this
dissertation showed the feasibility of using fNIRS in prospective memory
research, and explored how value underlies our intentions.
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Impact Statement
Two main aims were the focus of this dissertation. First, functional-near
infrared spectroscopy (fNIRS) was explored as a method to replicate previous
neuroimaging findings regarding prospective memory, specifically the lateral
increases and medial decreases in prefrontal cortex activity. Three studies are
reported employing fNIRS showing that fNIRS is sensitive enough to detect
significant hemodynamic change associated with performance of a prospective
memory task. Regarding the fNIRS community, as a novel method, this
dissertation has highlighted the need to consider multiple comparison
correction as well as systemic influences in order to assure the quality of
research using fNIRS.
The second aim of this dissertation was to investigate monetary and social
value of intentions and its effects on prospective memory performance. It was
found that individuals can modulate their motivational and attentional
resources towards intentions with high (monetary) value, and when two
intentions compete, and prioritize a high- over a low-value intention.
Furthermore, it was found that value could be modulated through monetary
and social framing, which affected prospective memory performance differently
depending on type of framing. These behavioural studies provide the first
successful demonstration of value effects in prospective memory performance,
which lays the foundation for further studies of intention value in prospective
memory. Moreover, these findings provide an initial step towards bridging the
gap to other research areas, such as attention, decision-making, motivation,
social cognition and future thinking. Further research will build on these initial
findings, and could address how prospective memory performance is
modulated in numerous concurrent intentions as well as explore other types of
value. Ultimately, research on prospective memory needs to address more
complicated intentions, such as environmental intentions, as well as explore
the intention-behaviour gap. In order to achieve this goal, studies such as
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presented here provide an essential first step, and provide beneficial insights
that will also inform research on behaviour change.
Throughout this dissertation, additionally to frequentist analyses, Bayesian
analyses were employed. Considering the replication crisis and growing
criticism of the standard p < .05 significance testing, this dissertation provides
an evaluation of the alternative Bayesian approach in a direct comparison with
standard frequentist approach, presenting results from both analyses. In order to
address current statistical issues in cognitive sciences in general, this
dissertation highlights the importance of direct comparison between two
statistical approaches, in order to ultimately further our understanding and
foster research methods of high statistical reliability.

5

Acknowledgments
I would like to express my sincerest gratitude to:
Dr Sam Gilbert, who has given me independence, flexibility in my projects as
well as encouraging my critical thinking. During the Masters, your attitude
towards research and your research on PM cemented my curiosity for PM, and
provided the main reasons why I wanted to return to ICN for my PhD. You
were always open-minded and available to hear me out, reined me in when
my ideas went too far, and encouraged those that had substance. I also greatly
appreciated the understanding and support I received in everything else I
wanted to do, whether it was conferences, workshops, the study visit to Boston,
and various applications. I feel very honoured to having been your first PhD
student.
Prof Paul Burgess, for the opportunity to be involved in fNIRS research, for all
the intriguing discussions about prospective memory, science and life.
The UCL psychology department, for funding my PhD, and everyone there I
had the pleasure of working with as head demonstrator, especially Prof Alastair
McClelland, John Draper and Jo Strange.
Dr Paola Pinti, for being the most wonderful collaborator and friend, and for
patiently sharing your extensive knowledge of fNIRS. Dr Ilias Tachtsidis, for
always finding time for me to discuss fNIRS issues. Prof Vince Walsh, for
always providing me with a different perspective, mentoring me through
challenging times and encouraging me to be true to myself and in my research.
Dr Beth Parkin and Dr (in spe) Sheila Kerry, without you two special humans, I
certainly wouldn’t have enjoyed my PhD as much as I have. Sharing an office,
sharing the ups and downs of PhD life, I couldn’t be more grateful to be part of
our sisterhood.
Dr Amir Javadi, Dr Thomas Ditye, Dr Richard Cook, Dr Nicola Binetti and Dr
Costi Rezlescu, who are always a step ahead of me, providing invaluable
advice and much needed laughs.
Dr Pierre, for being my companion; I am grateful for creating a home away
from home together, working towards our PhDs together and for having you in
my life forever.
6

Dr Luca, Dr Niccolo, Dr (in spe) Alexia and Dr (in spe) Klara, my dear friends since
Masters studies, who have embarked on this PhD path with me, though in
different cities, always together.
Dr (in spe) Alex Antrobus, for all the laughs, walks and veggie meals we shared. I
have particularly appreciated how infectious your positive attitude is.
Louis Cohen, for always inspiring, reassuring and motivating me; without your
encouragement I wouldn’t have dared to even apply to study in the UK, which
put me on this decade-long, exciting journey through science.
My greatest thanks goes towards my family, who have come to understand why
I needed to move to the UK, complete so many degrees and follow my passion
to conduct research. I am grateful for the never ending support and
understanding, especially from my mom and Christian, and from my dad and
Andrea. I couldn’t imagine a life without my siblings, Prof Maxi, Master Consti
and genius Laura. Though we don’t live in the same city, I appreciate our close
connection. Finally, I dedicate this thesis to my grandparents, who I miss
dearly.

7

Table of Content
Declaration ..................................................................................................... 2
Abstract ........................................................................................................... 3
Impact Statement ............................................................................................ 4
Acknowledgments ........................................................................................... 6
Table of Content.............................................................................................. 8
List of Figures ................................................................................................ 14
List of Tables ................................................................................................. 16
Chapter 1: General Introduction ................................................................... 17
1.1) Intentions & Prospective Memory: Conceptual Introduction ........................ 17
1.1.1) What is Prospective Memory? ................................................................. 17
1.1.2) Real-life PM situations, laboratory-based and naturalistic PM paradigms . 18
1.1.3) The Concept of PM ................................................................................. 19
1.2) PM as an Executive Function, a Memory System, in Time & Theories of PM . 20
1.2.1) PM as an Executive Function ................................................................... 20
1.2.2) PM as a Memory System ......................................................................... 22
1.2.2.1) Retrospective versus Prospective ................................................................... 22
1.2.2.2) Working Memory versus PM ......................................................................... 23
1.2.2.3) Memory Processes: Encoding, Storage & Retrieval ........................................ 24

1.2.3) PM in Time ............................................................................................. 26
1.2.3.1) Duration of Delay ......................................................................................... 26
1.2.3.2) Timing: event-based versus time-based PM ................................................... 27

1.2.4) Theories of PM ........................................................................................ 28
1.3) Neuroimaging research on PM ...................................................................... 31
1.3.1) Rostral Prefrontal Cortex & PM ................................................................ 31
1.3.2) Gateway processes in lateral and medial BA 10 for PM ........................... 33
1.3.3) PM in the whole brain ............................................................................. 35
1.3.4) The Attention to Delayed Intention model ............................................... 36
1.4) Further Considerations .................................................................................. 40
1.4.1) PM and Metacognition ............................................................................ 40
1.4.2) PM: From Lab to Life ............................................................................... 42

8

1.4.3) PM and Prospection ................................................................................ 43
1.5) Concluding Remarks...................................................................................... 48
1.6) Aims of the dissertation ................................................................................. 49
1.7) Bayesian hypothesis testing: A fresh way to do statistics ............................... 50
1.7.1) Frequentist versus Bayesian approach ..................................................... 50
1.7.2) What is the Bayesian hypothesis testing? ................................................. 52
1.7.3) Reporting Bayesian Results ...................................................................... 54

Chapter 2: Involvement of prefrontal cortex in prospective memory with face
versus object cues: An fNIRS study ............................................................... 57
2.1) Introduction .................................................................................................. 57
2.2) Method .......................................................................................................... 62
2.2.1) Participants ............................................................................................. 62
2.2.2) Task Design ............................................................................................ 63
2.2.3) Experimental Protocol ............................................................................. 66
2.2.4) fNIRS Data Acquisition ........................................................................... 66
2.2.5) Signal Pre-Processing .............................................................................. 69
2.2.7) Behavioural Analyses .............................................................................. 69
2.2.8) fNIRS Analyses ........................................................................................ 70
2.2.8.1) Uncorrected results with Bayes Factors ......................................................... 72
2.2.8.2) Correction for multiple comparisons ............................................................. 72
2.2.8.2.1) Significance in both signals ............................................................... 73
2.2.8.2.2) False discovery rate correction .......................................................... 73

2.3) Results ........................................................................................................... 73
2.3.1) Behavioural Results: Ongoing performance ..................................................... 73
2.3.2) Behavioural Results: Prospective memory performance ................................... 75
2.3.3) fNIRS Results ................................................................................................... 77
2.3.3.1) Uncorrected results with Bayes Factors .................................................... 77
2.3.3.2) Correction for multiple comparisons ........................................................ 79
2.3.3.2.1) Significance in both signals ............................................................... 79
2.3.3.2.2) False discovery rate correction .......................................................... 79

2.4) Discussion ..................................................................................................... 79

Chapter 3: Investigating prefrontal cortex activity in prospective memory
using fNIRS.................................................................................................... 82
3.1) Introduction .................................................................................................. 82
3.2) Method .......................................................................................................... 88

9

3.2.1) Participants ............................................................................................. 88
3.2.2) Behavioural Task ..................................................................................... 89
3.2.3) fNIRS Data Acquisition ........................................................................... 92
3.2.4) Experimental Protocol ............................................................................. 92
3.2.5) Signal Pre-Processing .............................................................................. 92
3.2.6) Behavioural Analyses .............................................................................. 93
3.2.7) fNIRS Analyses ........................................................................................ 93
3.2.7.1) Uncorrected results with Bayes Factors ......................................................... 94
3.2.7.2) Correction for multiple comparisons ............................................................. 94

3.3) Results ........................................................................................................... 94
3.3.1) Behavioural Results ................................................................................. 94
3.3.2) fNIRS Results ........................................................................................... 95
3.3.2.1) Uncorrected results with Bayes Factors ......................................................... 95
3.3.2.2) Correction for multiple comparisons ............................................................. 99
3.3.2.2.1) Significance in both signals ................................................................... 99
3.3.2.2.2) False discovery rate correction ............................................................ 100

3.4) Discussion ................................................................................................... 101
3.4.1) Limitations ............................................................................................ 102
3.4.2) In conclusion ........................................................................................ 103

Chapter 4: Further fNIRS investigations of PM ............................................ 104
4.1) Introduction ................................................................................................ 104
4.2) Method ........................................................................................................ 105
4.2.1) Participants ........................................................................................... 105
4.2.2) Behavioural Task ................................................................................... 106
4.2.3) fNIRS Data Acquisition ......................................................................... 106
4.2.4) Experimental Protocol ........................................................................... 106
4.2.5) Signal Pre-Processing ............................................................................ 107
4.2.6) Behavioural Analyses ............................................................................ 108
4.2.7) fNIRS Analyses ...................................................................................... 109
4.2.7.1) Uncorrected results with Bayes Factors ....................................................... 109
4.2.7.2) Correction for multiple comparisons ........................................................... 109
4.2.7.3) Exploratory analyses: intercepts .................................................................. 110
4.2.7.3.1) Significance in both signals ................................................................. 110
4.2.7.3.2) Orthogonal contrasts ........................................................................... 110

4.3) Results ......................................................................................................... 110

10

4.3.1) Behavioural Results ............................................................................... 110
4.3.2) fNIRS Results ......................................................................................... 112
4.3.2.1) Uncorrected results with Bayes Factors ....................................................... 112
4.3.2.2) Correction for multiple comparisons ........................................................... 116
4.3.2.2.1) Significance in both signals ................................................................. 116
4.3.2.2.2) Significance in both postures ............................................................... 118
4.3.2.2.1) False discovery rate correction ............................................................ 124
4.3.2.3) Exploratory analyses: intercepts .................................................................. 124
4.3.2.3.1) Significance in both signals ................................................................. 124
4.3.2.3.2) Orthogonal contrasts ........................................................................... 124

4.4) Discussion ................................................................................................... 125
4.4.1) Lateral-medial dissociation .................................................................... 126
4.4.2) Offloading-specific activation patterns .................................................. 128
4.4.3) Effects of posture ................................................................................... 129
4.4.4) Limitations ............................................................................................ 129
4.4.5) Comparison to Experiment in Chapter 3 ................................................ 130
4.4.6) In conclusion ........................................................................................ 131

Chapter 5: Exploring the Network of Valuable Intentions ........................... 133
5.1) Introduction ................................................................................................ 133
5.2) Experiment 1 ............................................................................................... 134
5.2.1) Introduction ............................................................................................. 134
5.2.1.1) Multiple Intentions & Prioritizing ....................................................... 134
5.2.1.2) Modulating the Value of Intentions .................................................... 136
5.2.1.3) Current Objectives ............................................................................. 138
5.2.2) Method ..................................................................................................... 138
5.2.2.1) Participants ........................................................................................ 138
5.1.2.2) Apparatus ........................................................................................... 139
5.2.2.3) Behavioural Task & Procedure ........................................................... 139
5.2.2.4) Design & Stimuli ................................................................................ 140
5.2.3) Results ...................................................................................................... 143
5.2.3.1) Ongoing Analyses .............................................................................. 143
5.2.3.2) Ongoing Performance: Accuracy ....................................................... 143
5.2.3.3) Ongoing Performance: RTs ................................................................ 144
5.2.3.4) PM Analyses ...................................................................................... 145
5.2.3.4.1) Repeated Measures .................................................................................. 146

11

5.2.3.4.2) Follow-up Analyses ................................................................................. 148

5.2.3.5) PM Performance: Accuracy ................................................................ 150
5.2.3.5.1) ValueEffect Analysis ................................................................................. 150
5.2.3.5.2) Repeated Measures .................................................................................. 150
5.2.3.5.3) Follow-up Analyses ................................................................................. 155

5.2.3.6) PM Performance: RTs ......................................................................... 156
5.2.3.6.1) ValueEffect Analysis ................................................................................. 156
5.2.3.6.2) Repeated Measures .................................................................................. 156
5.2.3.6.3) Follow-up Analyses ................................................................................. 157

5.2.4) Discussion ................................................................................................ 158
5.2.4.1) Current Findings ................................................................................. 158
5.2.4.2) Ongoing performance ........................................................................ 158
5.2.4.3) Prospective memory performance ...................................................... 159
5.2.4.4) Further Research ................................................................................ 161
5.2.4.5) In Conclusion ..................................................................................... 162
5.3) Experiment 2 ............................................................................................... 163
5.3.1) Introduction ............................................................................................. 163
5.3.1.1) Framing .............................................................................................. 163
5.3.1.2) Modulating the Value of Intentions through Monetary Framing .......... 164
5.3.1.3) Modulating the Value of Intentions through Social Framing ............... 165
5.3.1.4) Current Objectives ............................................................................. 168
5.3.2) Method ..................................................................................................... 170
5.3.2.1) Participants ........................................................................................ 170
5.3.2.2) Apparatus ........................................................................................... 171
5.3.2.3) Behavioural Task & Procedure ........................................................... 171
5.3.2.4) Design & Stimuli ................................................................................ 171
5.3.3) Results ...................................................................................................... 172
5.3.3.1) Ongoing Analyses .............................................................................. 172
5.3.3.2) Ongoing Performance: Accuracy ....................................................... 172
5.3.3.3) Ongoing Performance: RTs ................................................................ 173
5.3.3.4) PM Analyses ...................................................................................... 174
5.3.3.4.1) ValueEffect Analysis ................................................................................. 174
5.3.3.4.2) Repeated Measures .................................................................................. 175
5.3.3.4.3) Follow-up Analyses ................................................................................. 175

5.3.3.5) PM Performance: Accuracy ................................................................ 175
5.3.3.5.1) ValueEffect Analysis ................................................................................. 175

12

5.3.3.5.2) Repeated Measures .................................................................................. 177
5.3.3.5.3) Follow-up Analyses ................................................................................. 178

5.3.3.6) PM Performance: RTs ......................................................................... 181
5.3.3.6.1) ValueEffect Analysis ................................................................................. 181
5.3.3.6.2) Repeated Measures .................................................................................. 182
5.3.3.6.3) Follow-up Analyses ................................................................................. 183

5.3.4) Discussion ................................................................................................ 184
5.3.4.1) Current Findings ................................................................................. 184
5.3.4.1.1) Ongoing Performance .............................................................................. 185
5.3.4.1.2) Prospective memory performance ............................................................ 185

5.3.4.2) In Conclusion ..................................................................................... 186

6) General Discussion ................................................................................. 188
6.1) Summary of Findings ................................................................................... 188
6.2) Implications & Future Directions ................................................................ 188
6.2.1) Bayesian Approach ............................................................................... 188
6.2.2) fNIRS for PM ......................................................................................... 189
6.2.3) Valuable Intentions ............................................................................... 190
6.3) Further Considerations ................................................................................ 191
6.3.1) Sleep, Mood & Gender ......................................................................... 191
6.3.2) The Intention-Behaviour Gap ................................................................ 192
6.4) Concluding Remarks.................................................................................... 194

Bibliography ................................................................................................ 195
Appendix A ................................................................................................. 225
Appendix B .................................................................................................. 236
Appendix C ................................................................................................. 242

13

List of Figures
Figure 1.1) Graphic illustration of the AtoDI model ....................................... 38
Figure 2.1) Task design .................................................................................. 64
Figure 2.2) Channel configuration and anatomy ............................................ 68
Figure 2.3) Behavioural Results ...................................................................... 76
Figure 3.1) Task design .................................................................................. 91
Figure 3.2) Average accuracy performance .................................................... 95
Figure 3.3) Contrast 1 .................................................................................... 99
Figure 3.4) Contrast 4 .................................................................................. 100
Figure 4.1) Average accuracy performance .................................................. 111
Figure 4.2) Contrast 4 .................................................................................. 117
Figure 4.4) Contrast 2 .................................................................................. 119
Figure 4.5) Contrast 3 .................................................................................. 120
Figure 4.8) Contrast 1 activation maps ......................................................... 121
Figure 4.9) Contrast 2 activation maps ......................................................... 122
Figure 4.10) Contrast 3 activation maps ....................................................... 123
Figure 5.1) Task design ................................................................................ 142
Figure 5.2) Average ongoing accuracy performance .................................... 144
Figure 5.3) Average ongoing RTs ................................................................. 145
Figure 5.4) Average PM performance. .......................................................... 151
Figure 5.5) PM accuracy compared with LL baseline ................................... 155
Figure 5.6) Average ongoing accuracy ......................................................... 173
Figure 5.7) Average ongoing RTs ................................................................. 174
Figure 5.8) Average PM accuracy ................................................................ 178
Figure 5.9) PM accuracy compared with LL baseline ................................... 181
Figure 5.10) Average PM RTs. ...................................................................... 183
Figure 2.4) Contrast 1 .................................................................................. 225
Figure 2.5) Contrast 2 .................................................................................. 226
Figure 2.6) Contrast 3 .................................................................................. 227
Figure 2.7) Contrast 4 .................................................................................. 228
Figure 2.8) Contrast 5 .................................................................................. 228

14

Figure 2.9) Contrast 6 .................................................................................. 229
Figure 2.10) Contrast 7 ................................................................................ 230
Figure 2.11) Contrast 8 ................................................................................ 230
Figure 2.12) Contrast 9 ................................................................................ 231
Figure 2.13) Activation maps for contrasts 2, 4 and 5. .................................. 232
Figure 2.14) Activation maps for contrasts 6-9 ............................................. 233
Figure 3.5) Contrast 2 .................................................................................. 238
Figure 3.6) Contrast 3 .................................................................................. 238
Figure 3.7) Contrast 5 .................................................................................. 239
Figure 3.9) Contrasts 1, 2 and 3 ................................................................... 240
Figure 3.10) Contrasts 4 and 5 ..................................................................... 241
Figure 4.6) Contrast 5 .................................................................................. 242
Figure 4.7) Contrast 6 .................................................................................. 243

15

List of Tables
Table 1.1) BF Guidelines ............................................................................... 55
Table 2.2) Overview of significant contrasts ................................................... 77
Table 3.1) Overview of significant effects for contrasts 1-3 ............................ 97
Table 3.2) Overview of significant effects for contrasts 4-6 ............................ 98
Table 4.1) Excluded channels for each participant. ...................................... 108
Table 4.2) Overview of significant contrasts for sitting posture ..................... 114
Table 4.3) Overview of significant contrasts for laying posture ..................... 115
Table 4.7) Contrast 3 paired t tests results .................................................... 124
Table 4.8) Contrast 2 and 5 paired t tests results. ......................................... 125
Table 5.1) Experimental Design ................................................................... 146
Table 5.2) Bayesian models ......................................................................... 149
Table 5.3) Model Comparison ..................................................................... 152
Table 5.3) ValueEffect accuracy. .................................................................. 177
Table 5.4) Model comparison ...................................................................... 180
Table 5.5) ValueEffect RTs ........................................................................... 182
Table 2.3) BF10 ............................................................................................. 234
Table 2.4) BF01 ............................................................................................. 235
Table 3.3) BF10 ............................................................................................. 236
Table 3.4) BF01. ............................................................................................ 237
Table 4.4) BF10 ............................................................................................. 244
Table 4.5) BF01 ............................................................................................. 245
Table 4.6) Overview of significant contrasts for paired t tests on posture ...... 246

16

Chapter 1: General Introduction

1.1) Intentions & Prospective Memory: Conceptual
Introduction
1.1.1) What is Prospective Memory?
Prospective memory (PM) refers to the ability to form and realize intentions
after a delay (Einstein & McDaniel, 1990; Meacham & Leiman, 1982), or in
other words, “remembering to remember” (Harris, 1984). “The prospective
brain” allows us “to imagine, plan for, and predict possible future events” using
stored information (Schacter, Addis, & Buckner, 2007, p. 39).
An intention involves an aim or plan that is formed, but is only acted on
after a delay in the future. Intentions vary along different dimensions, such as
who forms it (agent), what does it concern (intention content), how it is
encoded (intention type), and how (intention realization), when (delay, specific
or

unspecific

prospective

time

point)

and

where

(intention

context/environment), in the future it is to be realized (Kvavilashvili & Ellis,
1996). Thus, there is great variability about what a single intention may be, for
example, an intention can be to post a letter, buy milk on the way home, meet
a friend, go to the cinema, but also plan a holiday next summer, or write a
book.
Ellis (1996) described five phases of PM. First, the intention is formed,
which is followed by the second phase involving a delay that may last minutes,
hours or even days. The third stage is comprised of the appropriate period in
which the intention is supposed to be realized, which is referred to as
performance interval. During this interval, the implementation of the intention
occurs, and is followed by the last phase, namely monitoring, to check whether
the intended action was successfully completed or failed.
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We rely on our PM constantly in everyday life, which allows us to
remember to do the things we intend to do. PM deficits have also been
reported due to brain injury (Uretzky & Gilboa, 2010) and in disorders such as
Parkinson’s disease (Kliegel, Altgassen, Hering, & Rose, 2011), schizophrenia
(Wang et al., 2009) and autism (Jones et al., 2011). But this ability is certainly
not perfect and even healthy adults experience failures of prospective memory
in their daily lives (Matthias Kliegel & Martin, 2003). Actually, a striking 5080% of everyday memory problems have been reported to represent PM
failures (e.g. Crovitz & Daniel, 1984; Mateer, Sohlberg, & Crinean, 1987;
Terry, 1988). The detrimental effects of PM deficits on independence in
everyday life emphasize the importance of finding an understanding of the
anatomical and functional foundations of PM with the aim of developing
rehabilitative intervention (Carlesimo & Costa, 2011; Fish, Wilson, & Manly,
2010).

1.1.2) Real-life PM situations, laboratory-based and
naturalistic PM paradigms
A wide variety of situations in everyday life require PM, however, seven core
features of typical PM situations have been outlined in order to simplify PM
situations for experimental purposes (Burgess, Scott, & Frith, 2003). Firstly, an
intention is or multiple intentions are present (Kliegel, McDaniel, & Einstein,
2000). This act cannot be completed immediately, but instead there is a delay
period (‘retention period’), which is filled with an ‘ongoing task’ (Ellis,
Kvavilashvili, & Milne, 1999) until the appropriate time to act occurs
(‘retention interval’) and there is a particular circumstance (‘retrieval context’),
when the intention is to be realized (Ellis et al., 1999). Furthermore, the
ongoing task demands prevent continuous, conscious rehearsal of the intention
throughout the delay period. Moreover, intention realization is self-initiated,
i.e. the ongoing task is not interrupted by the retrieval context or intention cue
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(Graf & Uttl, 2001; Rugg, Fletcher, Frith, Frackowiak, & Dolan, 1996). Lastly,
no immediate feedback is provided during the PM situation.
Laboratory-based PM tasks try to mimic the phases of PM. The
participant has to form a simple intention and then engage in another task,
commonly referred to as ongoing task (Ellis & Kvavilashvili, 2000). After a
delay, while the participant is still involved in the ongoing task, a PM cue is
presented, at which point he/she is expected to make a PM response. PM tasks,
by definition, necessitate at least two types of task requirements, so that PM
trials are embedded in the ongoing task (Gilbert, Gollwitzer, Cohen, &
Oettingen, 2009). The participant can either follow through with the intention
(PM success) or continue with the ongoing task (PM failure).
This type of PM paradigm is also known as event-based PM, since the
PM target or cue signals the retrieval context. In time-based PM, in contrast, the
retrieval context is at a particular time or after a certain duration. Lastly, in
activity-based PM paradigms, the retrieval context is either after or during a
particular ongoing task or other task. There are far fewer studies on time-based
and activity-based PM when compared to event-based PM, due to time
constraints in laboratory-based PM tasks (i.e. the delay ranges usually from
seconds to minutes).

1.1.3) The Concept of PM
The theoretical concept of PM continues to be widely discussed in the
literature. However, to date, the general consensus is that PM is grouped with
executive functions, appears to rely on attention as well as other executive
functions (Dobbs & Reeves, 1996; Ellis, 1996).
PM is also regarded as a distinct form of memory, that clearly shares
some common features with retrospective memory (RM), but is also closely
related to short-term/ working memory types (STM, WM) (Marsh, Hicks, &
Landau, 1998). It also involves a prospective temporal component, i.e.
intentions are formed, encoded and realized in the future. The involvement of
these

cognitive

processes

varies

greatly
19

depending

on

the

specific

characteristics of the PM and ongoing task, making it difficult to determine
whether PM integrates as a nonspecific construct or whether it forms a discrete
cognitive function (Burgess & Alderman, 2006; Carlesimo & Costa, 2011).
In the brain, PM has been consistently associated with the rostral
prefrontal cortex (RPFC) (Burgess, Quayle, & Frith, 2001; Burgess, Veitch, de
Lacy Costello, & Shallice, 2000; Reynolds, West, & Braver, 2009; Simons,
Schölvinck, Gilbert, Frith, & Burgess, 2006). However, brain regions
consistently associated with memory processes have also been found to coactivate during PM tasks.
Section 1.2 will review PM as an executive function, as a memory system
and its temporal component, as well as discussing prominent theories of PM.
Section 1.3 will focus on the neuroimaging research on PM, while the section
1.4 presents Bayesian hypothesis testing. Section 1.5 provides some further
considerations, followed by concluding remarks in section 1.6.

1.2) PM as an Executive Function, a Memory
System, in Time & Theories of PM
1.2.1) PM as an Executive Function
PM is commonly grouped with executive functions. Executive functions are
‘‘those capacities that enable a person to engage successfully in independent,
purposive, self-serving behavior’’ (Lezak, 1995, p. 35).
Executive functions or executive control is an umbrella term for highlevel processes that control and organize other mental processes, such as
inhibition, planning, task switching, monitoring and multitasking. Executive
control remains one of the great mysteries of the brain (Miller & Cohen, 2001)
and it has often been metaphorically referred to as a homunculus making all
the important decisions (Baddeley, 2003).
It is unlikely, that executive functions refer to a single, undifferentiated
cognitive process. While performance on various tests of executive function
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often correlated positively with each other, these positive correlations tend to
be low and factor analysis suggests the presence of multiple distinct factors
(Gilbert & Burgess, 2008). To date, the general consensus is that executive
functions are localized in the prefrontal cortex (PFC) and play a predominant
role in controlling behaviour (e.g. Baddeley, 1986; Conway, Kane, & Engle,
2003; Duncan, 2001; Miller & Cohen, 2001; Shallice, 1988).
Cognition is provoked either through an external percept experienced
through the senses (bottom-up processing) or through internal self-generation
(i.e. imagination) (top-down processing). Various synonyms are used in the
literature for this dissociation, so that retroactive, routine, automatic, or
stimulus-driven processing refers to bottom-up processing, while proactive,
non-routine, planned, or controlled processing refers to top-down processing.
Attention, i.e. allocation of processing resources, can either be stimulusoriented (SO), which enables us to notice changes in our environment (bottomup), or it can be stimulus-independent (SI), which disengages attention from the
external world and directs it towards self-generated thoughts (top-down).
Environmentally cued schemas can implicitly guide behaviour.
Alternatively behaviour can be controlled by a supervisory activating system
(SAS) (Norman & Shallice, 1986). In situations with well-established stimulusresponse associations we can rely on automatic, bottom-up processing. In
novel/unfamiliar or changing situations, however, our executive functions
enable us flexibility in our behaviour, by modulating cognitive, perceptual and
motor processes according to abstract goals and intentions (Gilbert & Burgess,
2008).
Thus, executive functions enable control over our behaviour that goes
beyond low level processing. While the distinction between bottom-up and
top-down processes is accepted throughout the literature, it should be noted
that these two processes are not mutually exclusive, but rather, depending on
the situation, bottom-up and top-down processes work interactively. Executive
function frameworks generally agree that depending on the current task
demands, executive functions are higher-level processes that modulate lower-
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level processes, enabling environment-independent behaviour (Gilbert &
Burgess 2008).

1.2.2) PM as a Memory System
1.2.2.1) Retrospective versus Prospective
“Prospective remembering” was first coined in the memory literature, which
refers to stored information (Meacham & Leiman, 1982). Retrospective memory
(RM), also known as long-term memory, refers to the capacities allowing us to
recall information. PM, in comparison, does not only involve a retrospective
component, i.e. recalling an intention (and its content), but moreover a
prospective component, i.e. remembering a certain action at a certain moment
in time (Kvavilashvili, 1987). Thus, what differentiates PM from RM, is it’s
temporal distribution; while retrograde memories are representations of the
past, prospective memories are formed to be realized in the future. PM is
therefore differentially distributed over time.
Roediger (1996) attempted to investigate similarities and differences of
RM and PM, and concluded that various manipulated variables, such as
attention, retention interval, and cue distinctiveness, lead to comparable effects
on RM and PM tests. However, the research has also shown that RM and PM
performance

usually

do

not

correlate

(Einstein

&

McDaniel,

1990;

Kvavilashvili, 1987; Wilkins & Baddeley, 1978), which suggests that while
there may be overlaps in processing in regards to memory, PM necessitates
cognitive processes beyond those of RM.
Graf & Uttl (2001) identified unique requirements of PM tasks in
comparison with RM tasks. In both types of tasks cues are provided at test.
However, while in RM tasks participants are alerted to cues and instructed to
work with them, in PM tasks participants have to identify or recognize cues
depending on previously formed plans or intentions. Therefore, PM cues are
embedded in a natural part of other tasks or situations, and participants may or
may not be aware of the cues. Moreover, successful PM performance is the
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result of interrupting the ongoing activity and switching to the new activity.
Thus, Graf & Uttl (2001) propose that interrupting, switching, conscious control
processes as well as resource demands of ongoing activities constitute the
unique processing requirements in PM.
A distributed network of brain regions has found to underlie
retrospective, declarative memory, involving the hippocampus and the medial
temporal lobe (MTL) (Eichenbaum, 2000; Squire, 1992). It appears that also the
PFC contributes to a variety of memory processes, such as learning, recall,
source memory, metacognition and remote retrieval (Baldo & Shimamura,
2002; Buckner, 1996; Simons & Spiers, 2003). However, evidence from lesion
studies suggests that PFC lesions do not necessarily impair memory retrieval
(Burgess et al., 2007).
Poppenk et al. (2010) examined whether brain activity at encoding of
intentions versus encoding of actions would predict later memory for these
intentions (PM) or actions (retrospective memory). Two differential networks
were reported. While the temporal lobe, including hippocampus predicted
overall memory success, PM success was predicted by left lateral RPFC and
right parahippocampal gyrus.

1.2.2.2) Working Memory versus PM
The memory literature further differentiates RM from short-term (STM) or
working memory (WM), referring to those capacities that allow maintaining
information in the mind simultaneously enabling immediate conscious
processing (Baddeley, 1996).
Building on the SAS model of attentional control (Norman & Shallice,
1986), the working memory model suggests that the ‘central executive’, an
attentional controller, divides and allocates attention as well as connects WM
to LTM (Baddeley, 1996). It may be understood as the memory system that
processes, maintains and manipulates information actively and ‘presently’, in
contrast to retrospective memory, which holds past information and
prospective memory, which stores present information for use at a point in the
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future. It is not surprising then that it has been suggested that PM relies on WM
(Marsh & Hicks, 1998).
A large body of evidence from lesion studies as well as neuroimaging,
supports the association between WM and frontal cortex (Baldo & Shimamura,
2002). Okuda, Fujii, Yamadori, Kawashima, & Tsukiura (1998) reported frontal
regions, such as dorsolateral prefrontal cortex (DLPFC), which have also often
been reported in studies of WM and justified as a result of dual cognitive
operations (D’Esposito et al., 1995) or active maintenance of information
(Cohen et al., 1997; Petrides, Alivisatos, Meyer, & Evans, 1993). The authors
report that dual cognitive operations specific to WM were engaged in their PM
as well as control conditions. Interestingly, statistical analysis did not cancel
out these WM activations, which suggests that this PM task placed additional
load reflected by right middle frontal activation. Moreover, in the PM
condition, activations in left BA 10 and right ventrolateral PFC (BA 47) were
found and interpreted as essentially related to the process of holding an
intention of future behavior itself (Okuda et al., 1998). Another fMRI study
investigated the processes involved in successful PM revealed that PM and WM
demands are quantitatively dissociable and engage a different set of PFC
regions, i.e. rostral and dorsolateral PFC, respectively (Reynolds et al., 2009).
Thus, PM may be viewed as a distinct memory system, that while it
shares cognitive processes with retrospective memory and working memory, it
remains dissociable.

1.2.2.3) Memory Processes: Encoding, Storage & Retrieval
Three core processes have been identified in memory, namely encoding,
storage and retrieval (Melton, 1963). During encoding, a memory trace is
acquired

through

processing

sensory

signals.

This

memory

trace

is

consolidated, i.e. strengthened and stabilized, in order to be successfully
stored, which prevents forgetting. Retrieval of this memory trace refers to the
process of recalling the stored information. These three memory processes are
similarly at play in PM, even though retrieval needs to occur at the appropriate
24

time in the future and involves realizing an intention, instead of just recalling
information.
In regards to memory encoding, research has shown that PM success is
influenced by the overlap of encoding and retrieval contexts (Marsh, Hicks, &
Cook, 2008). For example, Nowinski & Dismukes (2005) showed that when
participants performed the same task during encoding and retrieval, PM
performance was improved. This contextual effect, triggered by the overlap
between encoding and retrieval context has also been described to aid
performance in RM (e.g. Baddeley, 1982; Rutherford, 2000; Smith & Vela,
2001).
In regards to memory storage and retrieval, the adaptive control of
thought model (ACT) assumes that goals are represented by special “goal
nodes” which are activated constantly and at a high level (Anderson et al.,
1983). In the PM literature, Marsh, Hicks, & Bink (1998) described an intention
superiority effect (ISE), which refers to the heightened accessibility of materials
associated with intended actions, when compared to other information from
memory. A recognition test was used containing nouns and verbs part of
simple action scripts, which were either intended to be subsequently acted on
or not. Shorter response times were found for words that were intended for
action when compared to words that weren’t intended for action (Goschke &
Kuhl, 1993). When these actions were cancelled or completed, intentionrelated information was inhibited, when compared to neural materials, referred
to as the intention completion effect (Marsh, Hicks, & Bryan, 1999; Marsh et
al., 1998).
Moreover, it has been suggested that retrieval involves a specific
cognitive state or “retrieval mode”, which allows reactivating certain memory
representations (Tulving, 1983). A functional magnetic resonance imaging
study by Gilbert et al. (2012) investigated the differences in the neural
correlates of successful and unsuccessful PM with a focus on dissociating the
three memory processes. The task consisted of a two-back ongoing task with
PM trials embedded. In order to dissociate the three memory processes, three
types of PM trials were classified: encode, store or retrieve. Participants were
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instructed that when a stimuli had a coloured border, they had to remember
that stimuli (e.g. PM encode trials). These encoded stimuli were presented
again 2-6 trials after the encode trials where participants were required to make
a PM response (e.g. PM retrieve trials). Trials between PM encode and PM
retrieve trials were classified as PM store trials, which represented the trials
during which the participants maintained the PM stimuli. The results revealed
differential brain activity between the encoding, storage and retrieval stage for
successful and unsuccessful trials. However, brain activity was more similar
during encoding and retrieval for successful than unsuccessful trials, providing
evidence of cortical reinstatement of encoding context during retrieval
allowing successful PM. Further research is necessary to determine whether
voxel-wise similarity between patterns of activity are a precursor to retrieval
and thus promoting PM success (Marsh et al., 2008), or whether it results from
retrieval so that cortical activity is reinstated by the retrieval context (Johnson,
McDuff, Rugg, & Norman, 2009; Johnson & Rugg, 2007), or it might be a
combination of the two.
Thus, while PM is a distinct memory system, the differentiation between
encoding, storage and retrieval applies also to PM. Nonetheless, even though
similarities in e.g. contextual effects have been described, the evidence also
suggests various differences, such a heightened state of activation of intentions
(Goschke & Kuhl, 1993).

1.2.3) PM in Time
1.2.3.1) Duration of Delay
In comparison to other types of memory, it has already been mentioned that
PM is differentially distributed over time, more specifically bridges past and
future. Another crucial factor in PM concerns the delay between intention
formation and realization, which varies extremely in real life. It may be argued,
that it is just as important to remember to do something the next day, as it is to
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recall something a couple minutes or even seconds later. Einstein, Holland,
McDaniel, & Guynn (1992) showed that the length of the delay, investigating
15 or 30 minute intervals, does not affect the efficiency of PM. Due to time
constraints, laboratory-based studies on PM usually involve delay intervals
ranging from seconds to minutes.
Okuda et al. (2011) manipulated the intervals between PM targets in a
predictable alternating cycle of expanding and contracting target intervals. It
was found that changes in target intervals modulated performance. In
expanding target intervals, PM performance was superior at the cost of ongoing
performance, while in contracting target intervals, PM performance was worse
and ongoing performance was better. Strikingly, this modulation of behaviour,
which was unbeknown to the participants themselves, was clearly dissociable
in the neural activations in the anterior medial prefrontal cortex and anterior
cingulate cortex. Thus, the evidence suggests that attention between current
and future PM task is automatically regulated, and does not necessitate
particular instructions or even strategic control processes initiated by the
participants.

1.2.3.2) Timing: event-based versus time-based PM
The importance of the temporal component in PM is particular striking when
comparing event-based to time-based PM situations, where an intention is
retrieved at a particular time or after a certain duration. The number of timebased PM studies is limited, however the few studies conducted suggest
different regions of the RPFC are involved in both types of PM tasks, and that
differing processing demands in event- versus time-based PM may be reflected
by these different patterns of brain activations.
In the time-based PM task, which involved internal time estimating, left
superior frontal gyrus was more active in comparison to event-based PM. In
contrast, in the time-based PM task with clock aided time estimating, right
superior frontal gyrus, anterior medial frontal lobe and anterior cingulate gyrus
were more active when compared to event-based PM. The authors concluded
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that different regions of the RPFC are involved in both types of PM tasks, and
that differing processing demands in event- versus time-based PM may be
reflected by these different patterns of brain activations (Okuda et al., 2007).
These findings were further supported by a voxel-based lesion study comparing
time-based and event-based PM tasks (Volle, Gonen-Yaacovi, de Lacy Costello,
Gilbert, & Burgess, 2011). Specific deficits in time-based PM tasks, but not
event-based PM, were associated with RPFC lesions. Thus, these findings
suggest that distinct brain regions, at least partly support time-based PM and
event-based PM.
Thus, considering the cognitive processes involved, in laboratory-based,
time-based PM paradigms, participants rely on internal time-keeping processes
to realize when the moment occurs to realize the intention, which is
substantiated by the RPFC, and dissociates it from event-based PM.

1.2.4) Theories of PM
In PM situations, an intention needs to be formed, as well as maintained and
retrieved, which would constitute stimulus-independent (SI) processing or
internally-generated thought. However, intention realization can be triggered
bottom-up by the environment or context, which would by regarded as
stimulus-orientated (SO) processing. The question that arises for PM is whether
successful PM relies on environmental conditions that somewhat automatically
trigger the intended action (bottom-up) or whether strategic monitoring of the
environment for the target event/ retrieval conditions/ cue (top-down
processing) is necessary? Or, does PM involve both?
The Multiprocess Framework (McDaniel & Einstein, 2000) suggests that
both bottom-up and top-down processing are possible routes of how to
remember. The authors dissociated PM targets as either focal or nonfocal
(McDaniel & Einstein, 2000). When relevant information in ongoing and PM
tasks overlap greatly, focal processing occurs, i.e. the ongoing activity
encourages focal target processing. Nonfocal processing, on the other hand,
occurs when the target is not part of the information processed while
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performing the ongoing task. For example, in a lexical decision ongoing task, a
nonfocal PM task could involve responding to a semantic category, e.g.
“animals”, while a focal PM would involve responding to a target word, e.g.
“cat” (Einstein et al., 2005). Thus, whether automatic, bottom-up processes
underlie successful PM performance varies as a function of characteristics of
the PM task, target cue, ongoing task and individual (McDaniel & Einstein,
2000).
Alternatively, the preparatory attentional and memory processes model
(PAM) has been proposed, focusing on two types of processes that are
supposed to be necessary to prepare for successful PM performance (Smith,
2003; Smith & Bayen, 2004). On the one hand, as an intention has to be
maintained, the attentional process of monitoring has to be used, which is
resource-demanding. Monitoring allows us to scan the environment for when
it’s appropriate to execute an intention. On the other hand, retrospective
memory processes are required, which enable us to retrospectively recall
whether specific cues in our environment were actually associated with the
opportunity to execute an intention. For example, if we intend to take
medication at breakfast, our attentional processes evaluate whether we are
eating breakfast yet, and if so, whether eating breakfast was a cue for executing
an intention, and since the intention was to take medication at breakfast, these
two processes will prepare us to execute the intention to take medication.
Support for the PAM theory has been provided by looking at the ongoing
performance comparing performance when a PM target is present or absent. It
is argued that since our attentional resources are limited, when preparing for
intention execution, attentional resources are drawn away from an ongoing
task and instead allocated towards the PM task. Monitoring costs have been
found by looking at accuracy and response times on the ongoing task. In other
words, participants are slower and less accurate on an ongoing task where a
PM task is embedded, when compared to performing on an ongoing task
without a PM component, presumably because the PM task requires constant
monitoring (Ellis & Milne, 1996; Smith, Hunt, McVay, & McConnell, 2007;
Smith, 2003; Smith & Bayen, 2004; Smith & Loft, 2014). Another study has also
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found that PM performance is worse when the attentional demands of an
ongoing task are increased, again suggesting that there is a trade off between
ongoing and PM performance depending on attentional resources necessary for
one task or another (Einstein, Smith, McDaniel, & Shaw, 1997). However,
ongoing costs have only been consistently found in PM tasks using non-focal
targets, but not when using focal targets (McDaniel & Einstein, 2011).
The difference between the Multiprocess Framework and PAM is that
while Multiprocess Framework proposes that PM tasks require monitoring
processes as PAM, it also stipulates that spontaneous retrieval is possible
triggered by environmental cues or events – without engaging preparatory
processes (Einstein et al., 2005; Scullin, Einstein, & McDaniel, 2009).
Smith and Loftus (2014) highlighted that even in the original proposition of the
PAM theory, it was not implied that one has to constantly engage in
preparatory attentional processes once an intention is formed, but instead
attentional processes are necessary at the point when the PM task can be
completed (Smith et al., 2007). Some studies have examined whether ongoing
costs would be found even when dissociating contexts into relevant or
irrelevant (Lourenço & Maylor, 2014; Marsh, Cook, & Hicks, 2006; Smith &
Loft, 2014). Relevance here refers to participants being aware of whether a
block or trial is relevant or irrelevant to the PM task. Presumably, in irrelevant
contexts, ongoing costs should not be observed, since the participants do not
have to devote attentional resources to the PM task. When relevant contexts
are clearly demarcated and temporally distant to irrelevant contexts, reduced
(though not eliminated) ongoing costs have been reported (Lourenço & Maylor,
2014; Marsh et al., 2006; Smith & Loft, 2014). The PAM model was extended
including a temporal proximity explanation, which proposes that depending on
what is relevant for a task, participants flexibly use preparatory attentional
processes (Smith & Loft, 2014). In other words, participants make conscious
strategic choices about how to allocate their attentional resources. Similarly,
the Multiprocess Framework was updated to the Dynamic Multiprocess
Framework, which suggests that both strategic monitoring and spontaneous
retrieval can be involved in the same PM task, but dynamically (i.e. at different
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times) (Chen, Huang, & Yuan, 2010; Scullin, McDanial & Shelton (2013).
Scullin, McDaniel, & Shelton (2013) provided evidence in support of this
framework, showing that depending on whether a PM cue was expected or
not, participants engaged or disengaged in monitoring, respectively.
In theory, several routes to successful PM performance are functionally
as well as adaptively valuable (McDaniel & Einstein, 2007). It has also been
proposed that when the delay between intention formation and execution is
longer, monitoring is less feasible and spontaneous retrieval is more plausible
(Scullin et al., 2013). Therefore, it is argued to view PM as a dynamic interplay
between strategic monitoring and spontaneous retrieval (Shelton & Scullin,
2017). Neuroimaging studies have provided further evidence that allows
evaluating these PM theories on the neural level and will be discussed in more
detail next.

1.3) Neuroimaging research on PM
1.3.1) Rostral Prefrontal Cortex & PM
Initially, lesion studies described cases of patients with frontal lobe damage,
who struggled to make simple everyday decisions or appeared to forget shortand intermediate-term goals (Eslinger & Damasio, 1985; Penfield & Evans,
1935). The evidence strikingly pointed towards disorganized behaviours in
everyday life. These patients were described as tardy, absent-minded and
generally disorganized, despite intact intellect and performance on traditional
tests of executive functions assumed to be sensitive deficits in frontal lobe
function (Burgess, Alderman, Volle, Benoit, & Gilbert, 2009; Mesulam, 1986).
The rostral prefrontal cortex (RPFC), also known as Brodmann’s area 10 (BA
10), also referred to as anterior PFC, frontopolar cortex or frontal pole is one of
the volumetrically largest single architectonic structures of the frontal lobes
(Christoff et al., 2001), and furthermore appears to be proportionately larger in
humans than in other animals (Semendeferi, Lu, Schenker, & Damasio, 2002;
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Semendeferi, Armstrong, Schleicher, Zilles, & Van Hoesen, 2001). Moreover, it
has been proposed that processes involved in PM constitute those functions
most distinguished in humans from other animals (see e.g. Einstein et al.,
2005). Cognitive neuroscience research has revealed a reliable relation
between PM paradigms and neural activation in the RPFC. The first
neuroimaging study, using positron emission tomography (PET), focusing on
PM specifically, reported a role of the PFC (Okuda et al., 1998). Activations
were found in the right dorsolateral and ventrolateral prefrontal cortices and
the left frontal pole, as well as anterior cingulate gyrus, the left
parahippocampal gyrus and midline medial frontal lobe. Since then a
multitude of evidence in support of this association has been reported (e.g.
Burgess, Quayle, & Frith, 2001; Burgess et al., 2003). Burgess et al. (2001)
conducted the next investigation of the role of RPFC in PM. This PET study
found increases in regional cerebral blood flow (rCBF) in lateral BA 10 in PM
conditions when compared to performance on the ongoing task alone (Burgess
et al., 2001). Moreover, rCBF in lateral BA 10 also increased when participants
expected a target, which was actually omitted. The authors concluded that BA
10 is implicated in intention maintenance rather than cue recognition or
intention execution. These results were extended in another PET study
suggesting a central, material-nonspecific role of BA 10 in PM, independent
from specific intention retrieval or cue recognition (Burgess et al., 2003).
In recognition of the importance of PM in everyday behavioural
organisation, evidence from patients as well as these early neuroimaging
studies have resulted in a recent increase in studies investigating PM with a
variety of cognitive neuroscience methods such as PET (Burgess, Quayle, &
Frith, 2001; Burgess, Scott, & Frith, 2003; Okuda, Fujii, Yamadori, Kawashima,
& Tsukiura, 1998), functional magnetic resonance imaging (Barban, Carlesimo,
Macaluso, Caltagirone, & Costa, 2014; Burgess, Gonen-Yaacovi, & Volle,
2011; Cona, Scarpazza, Sartori, Moscovitch, & Bisiacchi, 2015; Gilbert, 2011;
Gilbert et al., 2011; Gilbert et al., 2009; McDaniel, LaMontagne, Beck, Scullin,
& Braver, 2013; Reynolds et al., 2009; Rusted, Ruest, & Gray, 2011; Simons et
al., 2006), event-related potential (Cona, Bisiacchi, & Moscovitch, 2014;
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Knight, Ethridge, Marsh, & Clementz, 2010; West, Bowry, & Krompinger,
2006), transcranial magnetic stimulation (Bisiacchi, Cona, Schiff, & Basso,
2011; Costa et al., 2011, 2013) and neuropsychology (Uretzky & Gilboa, 2010;
Volle, Gonen-Yaacovi, Lacy, Gilbert, & Burgess, 2011).
Across various methodologies and employing various differing PM
paradigms, the evidence consistently suggests a role of the RPFC in processes
sustaining prospective remembering (Cona et al., 2015 for a review). It should
be noted, that despite the consistent association between PM and rostral PFC,
to date, only one neuroimaging study investigated the structural correlates of
PM. Gordon, Shelton, Bugg, McDaniel, & Head (2011) investigated grey matter
volume in PFC, parietal cortex and MTL in relation to PM performance
contrasting focal versus nonfocal PM. Strikingly, no relation was found
between PFC and PM performance, highlighting that functional activations do
not necessarily predict structural correlates.

1.3.2) Gateway processes in lateral and medial BA 10 for
PM
The gateway hypothesis (Burgess, Dumontheil, & Gilbert, 2007) suggests the
rostral region of PFC (BA 10) to act as “an attentional gateway between inner
mental life and the external world” (Burgess et al., 2007, p. 249). On the one
hand, it has the capacity to determine the source of the representation that is
currently on one’s mind (Gilbert, Frith, & Burgess, 2005; Gilbert, Simons, Frith,
& Burgess, 2006), on the other hand, it can bias our attention towards stimulusorientated (SO) or stimulus-independent (SI) processing depending on the
current situational demands as well as coordinating the two (Burgess et al.,
2007).
Further evidence suggests a nonspecific role of BA 10 in PM as well as
contrasting rCBF changes for lateral versus medial BA 10 (Burgess et al., 2003).
While decreases were found in medial regions, increases were found in lateral
BA 10 in the PM conditions. It appears that these regions work interactively,
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with medial regions suppressing internally generated thought, while lateral
areas maintain a delayed intention.
Gilbert, Frith, & Burgess (2005) used functional magnetic resonance
imaging (fMRI) to contrast SO and SI thought, revealing lateral RPFC activations
when participants were switching between SO and SI, while medial RPFC was
consistently activated for SO when compared to SI thought. In another fMRI
study, bilateral lateral RPFC activations were associated with periods of
extended SI processing, not only during switching (Gilbert et al., 2006).
Dissociable activation patterns between lateral and medial RPFC were
also found in an fMRI study contrasting self-initiated and cued PM. Greater
activation in lateral BA 10 was found when responding to targets in the selfinitiated condition, while the cued condition yielded greater activations in
medial BA 10 (Gilbert et al., 2009). The authors conclude this dissociation to
reflect the differing demands of self-initiated versus cued behaviour, which
may reflect SI and SO processing, respectively.
Another fMRI study further manipulated saliency and memory load,
where the first would modify SO processing while the latter would modify SI
processing in a 2x2x2 design (ongoing versus PM task, high versus low
saliency, high versus low memory load) (Barban et al., 2014). Medial BA 10
was associated with the high saliency and low memory load condition, while
in left lateral BA 10 a significant interaction between task and memory load
was found. These findings are in agreement with the gateway hypothesis,
where the medial BA 10 biases attention towards salient PM stimuli (SO), while
the lateral BA 10 biases attention towards internal mnemonic representations
(SI).
Additionally,

evidence

from

computational

modelling

has

also

suggested that a “probabilistic spontaneous retrieval mechanism” could aid PM
performance when participants are not monitoring, highlighting the interplay
between bottom-up and top-down processing in successful PM (Gilbert,
Hadjipavlou, & Raoelison, 2013).
Thus, it seems that both types of attending work in an interactive
manner, so that attending can be directed towards PM cues in the environment
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through strategic monitoring (SO attending), simultaneously keeping the
prospective intention in mind, i.e. self-generated thinking (SI attending).
The majority of research on PM has focused on the role of the rostral
PFC as an attentional gateway between external and internal world that plays
an important role in maintaining intentions. However, as highlighted in a
recent meta-analysis, the role of the rostral PFC in the other phases of PM,
namely encoding and retrieval, is yet to be determined (Cona et al., 2015).

1.3.3) PM in the whole brain
Some studies have reported fronto-parietal networks to be involved in PM
processes (for example Beck, Ruge, Walser, & Goschke, 2014; Bisiacchi et al.,
2011; Kalpouzos, Eriksson, Sjölie, Molin, & Nyberg, 2010; McDaniel et al.,
2013). For example, transcranial magnetic stimulation was shown to interfere
with PM performance, not only when applied over the right dorsolateral PFC,
but also when applied to the left posterior parietal cortex (Bisiacchi et al.,
2011).
Additionally, other brain regions and networks have been reported to
contribute during PM performance, though the significance of their functional
involvement remains unclear (Burgess et al., 2011). Detecting PM cues as well
as intention retrieval have been shown to activate the anterior cingulate cortex
(ACC), posterior cingulate cortex (PCC), temporal cortex and insula (Beck et al.,
2014; Gilbert et al., 2011; Gonneaud et al., 2011; Hashimoto, Umeda, &
Kojima, 2011; Oksanen, Waldum, McDaniel, & Braver, 2014; Rusted et al.,
2011; Simons et al., 2006). For example, Simons et al. (2006) further explored
the differential roles of medial and lateral RPFC using fMRI, by comparing cue
identification (i.e. noticing the appropriate context to act) and intention
retrieval (i.e. remembering the action to be performed). Across both conditions,
a consistent activation pattern was found: lateral BA 10 activation was
accompanied by medial deactivation. The direct comparison of high cue
identification with high intention retrieval revealed intention retrieval to
demand greater bilateral activation in lateral BA 10. Nonetheless, also a
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number of areas outside of the rostral PFC also found differential activation in
the two PM conditions, such as anterior cingulate cortex and posterior
cingulate. While anterior cingulate showed greater activation during PM cue
identification, the posterior cingulate showed greater activation during
intention retrieval. The posterior cingulate and temporal cortex regions have
also found to be involved during intention encoding (Gilbert et al., 2012;
Poppenk et al., 2010).

1.3.4) The Attention to Delayed Intention model
Cona et al. (2015) conducted a meta-analysis to isolate the three phases of PM,
namely intention encoding, maintenance and retrieval. The aim was to assess
the core brain regions involved in these distinct PM phases across diverse PM
tasks.
The study showed that the rostral PFC is not only consistently associated
with lateral activations, and medial deactivations, but is also involved in
intention encoding and retrieval.
Moreover, the frontoparietal networks were involved in both intention
maintenance and retrieval and dissociations between dorsal and ventral
networks were found for both the parietal and frontal regions. In parietal
regions, intention maintenance was related to dorsal parietal regions (BA 7,
19), while retrieval was associated with ventral parietal regions (BA 40).
Additionally, the activation was increased in precuneus (BA 7) during
maintenance when compared to the retrieval phase, while increased activation
in the inferior parietal lobule (BA 40) was found in the retrieval relative to the
maintenance phase. In frontal regions, maintenance was associated with dorsal
regions (BA 9, 6, 8), while retrieval was associated with ventrolateral PFC
regions (BA 45, 47). Some activations in frontal regions (BA 10, 40) were also
found during the encoding phase.
The meta-analysis also showed the anterior cingulate (ACC), the
posterior cingulate (PCC) and insular cortices to be consistently involved in PM
processes. The ACC is involved in conflict monitoring and cognitive control
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and was activated during retrieval, while activity in the PCC was increased
during encoding and retrieval. The insula was most activated during retrieval
(when compared to maintenance).
In order to integrate these findings of distinct networks in PM, the
authors propose the Attention to Delayed Intention (AtoDI) model (see Figure
1). The model suggests that during encoding the ventral parietal cortex
mediates bottom-up attention capture (see Figure 1 in green). Next, the PCC
mediates the shift of attention from external to internal content, and the left
rostral PFC provides intention content.
During maintenance (see Figure 1 in red), the rostral PFC through
medial deactivation and lateral activation mediates the processing between
ongoing-related and PM-related information. The rostral PFC collaborates with
the dorsal frontalparietal network to enable strategic monitoring: on the one
hand internally directing attention top-down towards the maintenance of the
intention, and on the other hand externally monitoring for PM cues.
During retrieval (see Figure 1 in blue), the insula detects the PM cue,
which informs both cingulate cortices. The ACC might resolve the conflict
between ongoing- and PM-task demands, and inform the aPFC, which
prioritizes ongoing over PM information. The PCC works together with the
ventral frontalparietal regions to shift attention between external to internal
representation of the PM cue.
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Figure 1.1) Graphic illustration of the AtoDI model: dissociating the three phases of
PM (encoding, maintenance and retrieval). Note: dPC = dorsal parietal cortex; vPC =
ventral parietal cortex; PCC = posterior cingulate cortex; ACC = anterior cingulate
cortex; aPFC = anterior prefrontal cortex; vPFC = ventral prefrontal cortex; dFC =
dorsal frontal cortex; SMA = supplementary motor area; S1 = primary somatosensory
area; MTL = medial temporal lobe. (Figure taken from Cona et al., 2015)
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The AtoDI model, though speculative, provides a neural counterpart to
the Multiprocess Framework. McDaniel et al. (2013) were able to find a double
dissociation in neural routes that can lead to successful PM which emerge
under different circumstances. Sustained attentional control (i.e. frontoparietal
network activation) was found in the nonfocal but not in the focal PM
condition. This suggests that top-down attentional control is required when the
PM target is nonfocal (i.e. does not overlap with the ongoing task information),
but not when a focal PM target triggers PM bottom-up PM responses. The
AtoDI model supports this evidence that the frontoparietal network is involved
in strategic monitoring. Regarding spontaneous retrieval, the Multiprocess
Framework suggests various different processes to be involved, such as
discrepancy plus search, alert, and reflexive associative processes. In the AtoDI
model, the ventral frontoparietal network and the PCC would support
discrepancy search, while the insula would enable alert processes. The
reflexive associative processes in the AtoDI model would be explained by the
cooperation between ventral parietal cortex regions and lateral rostral PFC
regions. They support the association between PM cue and intention during
encoding, which is reflexively retrieved during intention retrieval by
reactivation of these regions.
Additionally, referring back to the only structural neuroimaging study on
PM, which did not find a relation between rostral PFC and PM performance, it
did find the medial temporal lobe (MTL) to correlate positively with accuracy
on the focal PM task (Gordon et al., 2011). This correlation was strongest for
the hippocampus, which is assumed to support spontaneous memory retrieval.
No significant relationship was found for the non-focal PM task. These findings
are interpreted as in support of the Multiprocess Framework, with retrieval in
focal PM being subserved by the hippocampus (McDaniel & Einstein, 2007).
The authors suggest that after focal PM intentions are retrieved, the prefrontal
cortex may support coordination of execution of the PM response alongside the
ongoing task (McDaniel & Einstein, 2011; McDaniel, Guynn, Glisky, Rubin, &
Routhieaux, 1999). Cona et al. (2015) state their surprise at not finding any
consistent functional activation in the MTL, considering their role in
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retrospective memory (Moscovitch et al., 2005) and despite some PM studies
reporting MTL activations (Beck et al., 2014; Okuda et al., 1998).

1.4) Further Considerations
1.4.1) PM and Metacognition
“Knowing about knowing” refers to our introspective knowledge or awareness
about how our memory functions, also called metamemory (Flavell, 1971).
Metamemory is a subfield of metacognition, which is an umbrella term for
“cognition about cognition” or “thinking about thinking” (Metcalfe &
Shimamura, 1994). Recently, there has been more interest in the metacognitive
processes involved in PM (Smith, 2016). In everyday life, it can certainly be
argued that PM is inherently “meta”, as it requires thinking about our intentions
while they are formed as well as when they are retrieved. Smith therefore
proposes the term “metaintentions” to capture the questions asked about how
we think about intentions.
In the retrospective memory literature, metacognitive processes refer to
monitoring or control processes that can occur during encoding, retention or
retrieval (Dunlosky, Mueller, & Thiede, 2016), which can be similarly applied
to metaintentions. Judgments of learning (JOLs) (Nelson & Narens, 1990) are an
example of monitoring during encoding, where participants have to predict
how likely they are to remember a studied item. Decisions about how to study
or how long to study would fall under the category of control processes during
encoding (Dunlosky et al., 2016). However, there are some metacognitive
processes that are specific to PM, due to its prospective component, i.e. how
we remember that something needs to be done. For example, metacognitive
control processes in PM could consist of setting reminders or creating lists. In
PM, one also has to remember to act and remember that one has acted; for
example, one has to use control processes during retention (e.g. checking
reminders).
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Smith (2016) argues that metaintentions, or our ability to accurately
predict our PM performance, has applied relevance. That is, only if we are
aware that we will find something difficult to remember, we can employ
reminders or reallocate our attentional processes to promote our PM
performance. Cognitive offloading refers to actions that allow us to offload
cognitive demands from the body into the world (Risko & Gilbert, 2016). We
often use reminders to aid our PM, in other words, we might offload our
intentions to external tools, whether it is writing a post-it note, using a calendar
or writing a to-do list. Previously these external reminders were physical
objects (e.g. the shopping list we then forget to bring along), nowadays these
offloaded intentions are often within our smartphones or wearable devices and
can even provide time-, location- and person-based reminders (McDonald et
al., 2011; Svoboda & Richards, 2009). In standard laboratory PM studies,
participants are commonly prevented from setting external reminders in order
to investigate ‘real’ PM processes (Uttl & Kibreab, 2011). More recently,
however, it has been argued that intentional offloading might be a crucial
aspect of prospective remembering in the real world (Risko & Gilbert, 2016).
Gilbert (2015) developed a paradigm that allowed participants to set up
external reminders for delayed intentions referred to as intention offloading. A
series of web-based experiments showed that the more participants had to
remember, the more likely they offloaded their intentions, and also participants
were more likely to subsequently fulfil intentions, if they offloaded them
beforehand (Gilbert, 2015). In another study, he then focused on
metaintentions, and found that domain-general metacognitive confidence, taskspecific confidence and objective ability influenced the tendency of
participants to set reminders to help them remember delayed intentions
(Gilbert, 2015).
Thus, while metaintentional processes certainly play a role in PM, the
research to date is scarce, though its applied importance clearly provides a
valid motivation for further research.
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1.4.2) PM: From Lab to Life
It is widely discussed in the literature, to what extent applying this
simplified construct of PM situations in research truly tells about PM in
everyday life. Early findings in frontal lobe patients showed that they performed
normally on traditional neuropsychological tests of executive functions, but
displayed severe behavioural disorganisation in everyday life (Shallice &
Burgess, 1991). As a result, in the early years of PM research, naturalistic PM
studies have been employed, which require participants to complete a task at
set times within their daily life, e.g. telephone the researcher (Moscovitch,
1982; Poon, 1985).
In order to explore the neural correlates of PM, laboratory-based PM paradigms
were developed and explored using a variety of neuroimaging methods. While
this research has consistently suggested the involvement of the rostral
prefrontal cortex, the question remains whether these lab-based paradigms
truly captures PM as in everyday life.
Some research has attempted to develop laboratory-based tasks that
more closely resemble real life PM. This is particularly relevant when
considering how PM develops across the lifespan. Research on age-related
declines in PM has provided inconsistent findings (Kliegel et al., 2016). This
inconsistency has been referred to as the age PM paradox, which describes the
advantage of older over younger adults in naturalistic PM tasks, but a
disadvantage of older adults when PM was measured inside the laboratory
(Henry, MacLeod, Phillips, and Crawford (2004). While it remains difficult to
understand the paradoxical age-related effects in PM, they do suggest
fundamental differences between laboratory-based and naturalistic PM studies,
which greatly implicate interpreting laboratory-based performance as reflective
of real-life PM. Rendell and Craik (2000) developed the ‘Virtual Week’ board
game to explore whether this paradigm could shed light on the age-related
differences found between lab- and naturalistic PM tasks. It was assumed that
older people outperform young adults by relying on the structure of a typical
day to aid their performance. But young outperformed older adults even in this
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paradigm. The authors concluded, that despite their efforts, it is possible that
not even the Virtual Week captures the structure of an actual week.
In order to conduct ecologically valid empirical measures of PM, it is
necessary to bridge the gap between lab and everyday life (Burgess &
Alderman, 2006), which nowadays is possible even when wanting to
simultaneously explore brain activations underlying PM. Functional nearinfrared spectroscopy (fNIRS), for example, is a neuroimaging method that has
to date only been employed in two studies to explore PM (Dong, Wong, & Luo,
2017; Pinti et al., 2015). Though fNIRS research is still in its infancy, in theory,
one major advantage of fNIRS over other imaging methods is that wireless and
portable systems can be used in more naturalistic settings, which might be of
great benefit for research on PM. Employing fNIRS in PM research has therefore
been the underlying motivation for some of the following empirical chapters.

1.4.3) PM and Prospection
“The prospective brain” allows us “to imagine, plan for, and predict
possible future events” using stored information (Schacter, Addis, & Buckner,
2007, p. 39). “Mental time travel” describes the ability that allows us to project
ourselves backward or forward in time, to remember previous experience or
imagine future ones (Bartlett, 1932; Tulving, 1983, 2002, 2005).
According to the taxonomy of prospection four basic forms of future
thinking have been distinguished: simulation (i.e. constructing a specific
mental representation of the future), prediction (i.e. estimating the likelihood of
a future outcome), intention (i.e. setting a goal) and planning (organizing steps
to achieve a goal) (Szpunar, Spreng, & Schacter, 2014). Each forms varies along
episodic

and

semantic

content,

where

episodic

refers

to

specific

autobiographical experiences that may happen in the future, while semantic
refers to more general or abstract states of the world that might occur in the
future. The constructive episodic simulation hypothesis refers to the retrieval of
past autobiographical memories, which provides information that is then
flexibly recombined to create novel future events (Schacter et al., 2007).
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A few studies have shown that episodic future thinking can improve PM
(Schacter, Benoit, & Szpunar, 2017). For example, it was found that linking an
intention with context-specific mental representations of a future situation can
aid PM performance by cueing it later on (Seifert & Patalano, 2001). Another
study has shown that associating an intention with a specific future context
significantly reduced interference of another task while keeping an intention in
mind (Marsh, Hicks, & Cook, 2006).
Brewer and Marsh (2010) found that encoding a future context during
encoding can aid the fulfillment of intentions. These findings were extended to
show that imagery encoding facilitates intention fulfillment by increasing a
cue-to-context association (Brewer, Knight, Meeks, & Marsh, 2011). A lexicaldecision task was used where participants had to make word/nonword
judgments. As the PM component, participants were instructed to respond to
animals words starting with the letter ‘c’ but only in the third phase of the
experiment, though lure words were embedded in second phase too.
Participants either just encoded the PM instructions, or had to imagine
themselves acting on these instructions in the third phase of the experiment. It
was found that imagery not only improved PM performance in phase 3, but
moreover decreased the interference of the lure words in phase 2, when
compared to the standard encoding condition.
Neroni, Gamboz, and Brandimonte (2014) found accuracy on a PM task
to be significantly higher when participants had mentally simulated on day 1
the sequence of events expected to occur on day 2 (including the PM task),
when compared to participants who performed a control task on day 1.
The benefit of mentally simulating an intended action during encoding
in order to improve PM performance has even shown to ameliorate the
detrimental effects of heavy drinking (Leitz, Morgan, Bisby, Rendell, & Curran,
2009; Paraskevaides et al., 2010). The authors propose that in heavy drinkers it
appears that future simulation allows the association between an intention with
a specific visual-spatial context, which when reactivated cues the intention
execution. Though, Platt, Kamboj, Italiano, Rendell and Curran (2016) have
shown that the beneficial effects of simulation in heavy drinkers might be task
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dependent. While simulation improved performance in the controls, it did not
aid performance of heavy drinkers on the time-based PM task. However, on the
event-based PM task, heavy drinkers did benefit from using simulation showing
improved PM performance.
Increased interest has been on the relationship between episodic future
thinking (EFT) and PM in different age groups. In children, it has been shown
that episodic future thinking abilities are significant predictors of PM
performance in 4-, 5-, 6- and 7-year-old children (Nigro, Brandimonte,
Cicogna, & Cosenza, 2014). Moreover, the beneficial effects of EFT have also
been demonstrated in children (mean age = 11 years) in more complex tasks
requiring real life demands (Kretschmer-Trendowicz, Schnitzspahn, Reuter, &
Altgassen, 2017). Children completed a ‘sightseeing tour’ (ongoing task) with
various embedded PM tasks. Children performed significantly better in the PM
tasks when using EFT, suggesting EFT to be a useful strategy to improve
everyday PM. Altgassen, Kretschmer and Schnitzspahn (2017) compared
performance of adolescents (mean age = 15 years) and young adults (mean age
= 21 years) when instructing them to use episodic prospection of themselves
executing future actions during intention formation. While adolescents
performed worse than younger adults on the PM tasks, they benefitted the most
from future thinking. Altgassen et al. (2015) compared younger (mean age = 24
years) and older adults (mean age = 72 years) on the Dresden Breakfast task,
where participants have to prepare breakfast according to a set of rules and
time restrictions. First, participants made a plan for later enactment. Half of the
participants then also imagined themselves completing this task in the future.
Younger adults outperformed older adults, while both age groups benefitted
equally from future thinking when compared to the control condition. Terrett et
al (2016) compared younger (aged 18-30 years) to older adults (aged 65-85
years) who completed various measures of EFT and PM and found positive
correlations between EFT and PM in both age groups.
Recently, future simulation has also been employed to improve PM
performance in clinical populations. For example, Mioni et al. (2017)
compared healthy controls with traumatic brain injury patients (mean age = 38
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years), using future event simulation as a strategy to improve PM performance.
It was found that both groups benefitted from future simulation, but importantly
it was found that future simulation was found to substantially reduce PM
deficits due to traumatic brain injury.
Alternatively to the taxonomy, Ward (2016) argued, that while PM and
episodic future thinking are similar as both necessitate projecting oneself into
the future, she suggests that episodic future thinking only forms one component
of PM, and that PM involves various other cognitive processes, as outlined by
Ellis (1996) such as encoding, maintenance, execution and evaluation of an
intention. Moreover, to what extent future thinking is employed will vary
greatly depending on the intention, and future thinking does not require action
based on the simulation. Speculations about the role of future thinking in PM
have been in particular regarding certain processes involved in implementation
intentions, which are discussed in more detail next (Atance & O’Neil, 2001;
Schacter et al., 2012; Schacter, Addis, & Buckner, 2008; Szpunar, 2010).
Atance and O’Neil (2001) argued that simulation might be of particular
relevance during intention formation: simulation as a ‘pre-experience’ of
possible events that one encounters, which might hinder subsequent intention
execution. They provide the example that when I intend to take medicine
when I come home after work, in the morning I could either use a script-like
mnemonic plan (e.g. place the medicine on the kitchen counter) or use an
episodic plan (e.g. place the medicine by the TV), as the episodic plan allows
me to account for the fact that on Tuesdays I usually directly go watch my TV
show (rather than going to the kitchen) when I come home from work. Thus,
the authors dissociate routine like plans from plans that are geared towards
one’s specific actions and highlight the role of episodic future thinking for these
episodic

plans.

Moreover,

Atance

and

O’Neil

(2001)

propose

that

implementation intentions underline the importance of episodic simulation.
Gollwitzer (1999) distinguished intentions into goal and implementation
intentions. Goal intentions are defined in their end point or desired outcome
and have the structure of “I intend to reach x!”. Setting goal intentions
encompasses committing oneself to achieve a desired outcome, but lack of
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persistence throughout the interval of goal setting and goal attainment often
provides an obstacle (Gollwitzer, 1999). Implementation intentions are more
specific in the when, where and how of the processes leading up to the goal
attainment, and have the structure “When situation x arises, I will perform
response y!” (Gollwitzer, 1999). Implementation intentions have the benefit of
being relatively automatic and cued directly by the environment (Lengfelder &
Gollwitzer, 2001), while goal intentions rely on self-regulatory skills.
Numerous studies have reported the facilitating effect of implementation
intentions, across age groups and in clinical populations (for a review see
Chen et al., 2015). For example, Gilbert, Gollwitzer, Cohen, Burgess, &
Oettingen (2009) found implementation intentions to lead to better PM
performance than goal intentions, which may result from either better encoding
or because they are automatically cued. Gollwitzer argued that a future goal is
more likely to be implement through ‘pre-deciding’, rather than just thinking
about a future goal. Moreover, research on health-related behaviours have
reported the beneficial effects of implementation intentions (Sheeran, Milne,
Webb, & Gollwitzer, 2005). For example, participants missed fewer pills when
they commit themselves to when and where they would take a pill each day
(Sheeran & Orbell, 1999).
Thus, while simulation might not be as closely tied to action, it is argued
that it might facilitate action during intention formation and encoding in order
to achieve an intention (Szpunar et al., 2014). While further research is
necessary, recent research on age-related differences in PM as well as the
increasing interest in using simulation in clinical population provide a starting
point to further our understanding of how PM fits within the taxonomy of
prospective cognition (Szpunar et al., 2014), or whether it is more useful to
view episodic future thinking as a component of PM, as suggested by Ward
(2016).

47

1.5) Concluding Remarks
Prospective thinking and behaviour is an intriguingly complex research area.
Intentions can be viewed from multiple perspectives. PM is an executive
function, and relies on other executive functions. A complex network of
cognitive processes is involved during PM, and in particular stimulusorientated and stimulus-independent processes play a prominent role in PM
situations. Moreover, an intention forms a memory trace. PM relies on
retrospective memory and thus involves the brain’s memory regions.
Additionally, an intention is represented over time. The moment it is formed,
encoded and stored, it refers to something to be realized in the future. This
prospective, temporal feature dissociates PM from other memory systems. PM
research continues to face theoretical as well as methodological challenges,
however its complexity provides various opportunities to explore intentions,
whether one focuses on executive processes involved in PM situations, its
similarities and differences to other types of memory, or its temporal
component.
Neuroimaging studies have shown that the rostral PFC plays a
prominent role on the one hand as a gateway between SO and SI processing,
as well as in PM generally, and evidence of functional specialisations within
the medial and lateral subregions is accumulating. Other brain regions, such as
the frontoparietal region networks, have also shown to be implicated in PM
processes, and the Attention to Delayed Intention model has provided a novel
framework dissociating encoding, maintenance and retrieval processes in PM
and identify the core brain regions involved.
Metaintentions, bridging the gap between laboratory and real-life PM,
and how PM fits in within the future thinking literature, provide further avenues
to consider in future studies on PM.
Ultimately, a comprehensive understanding of PM necessitates applying
various methodologies, investigating PM in diverse populations, developing
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paradigms that truly assess PM (in the laboratory as well as naturalistic), and
discussing the theoretical foundations to come to a consensus.

1.6) Aims of the dissertation
This dissertation had two main aims. First, the research addressed the question
whether the lateral-medial dissociation consistently reported in previous
neuroimaging studies could be replicated using functional-near infrared
spectroscopy. Three studies are reported using this method. In Study 1, a
paradigm dissociating intentions related to objects (non-social cues) and
intentions related to faces (social cues) was employed. Study 2 and 3 used an
intention offloading task previously employed in a fMRI study by Landsiedel
and Gilbert (2015). Findings from Study 2 highlighted the need to further
consider differences in data collection between fMRI and fNIRS, which were
used to inform data collection in Study 3.
The second aim of this dissertation was to explore whether our motivation to
fulfill intentions is related to the value attached to those intentions. In two
experiments, the effects of value of intentions were explored. Experiment 1
focused on PM performance as a function of monetary value attached to two
concurrent intentions. In Experiment 2, two additional properties of value were
explored, namely monetary (Gain/Loss) and social framing (Self/Other). In the
monetary framing, participants would either be rewarded for fulfilling
intentions (Gain) or incur deductions when failing to executing intentions
(Loss). In the social framing, participants either earned rewards for themselves
(Self) or for their partner (Other).
Considering the methodological challenges in PM research in general as well
as faced when attempting to assess the feasibility of fNIRS for PM research,
Bayesian analyses was employed throughout this dissertation. Bayesian
analyses provide an alternative, independent statistical approach, which will
be described in more detail in the next section.
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1.7) Bayesian hypothesis testing: A fresh way to do
statistics
1.7.1) Frequentist versus Bayesian approach
Recently, cognitive sciences have been facing a ‘crisis in confidence’ regarding
the replicability and reliability of published findings (Shrout & Rodgers, 2018).
Questionable research practices, such as optional stopping (i.e. collecting data
until p < .05) and cherry-picking (e.g. reporting only desired results) have been
blamed to lead to a high false-positive rate (i.e. many significant results are
actually false) (Ioannidis, 2005; John, Loewenstein, & Prelec, 2012; Simmons,
Nelson, & Simonsohn, 2011). The area of metascience (i.e. the science of
science itself) is flourishing to find answer regarding the confidence crisis,
particularly what proportion of published research is likely to be false (Munafò
et al., 2017). In order to eliminate questionable research practices, it has, for
example, been proposed to preregister experiments before data acquisition and
analysis (Nosek, Ebersole, Dehaven, & Mellor, 2017).
Alternatively, an altogether different analysis to the standard p value
driven approach (also called frequentist approach) has been advocated, namely
Bayesian analyses (Rouder, Morey, & Wagenmakers, 2016). Though not as
widely used as p values (at least not yet), the Bayes factor (BF) has a similar
purpose, namely to make statistical inferences from data provided by
experiments (Van De Schoot, Winter, Ryan, Zondervan-Zwijnenburg, &
Depaoli, 2017; Wagenmakers, 2007; Wagenmakers, Morey, & Lee, 2016).
Detailed reviews have discussed the main issues of the frequentist approach
and how the Bayes Factor provides an excellent alternative addressing these
issues (Dienes, 2016; Etz, Gronau, Dablander, Edelsbrunner, & Baribault,
2017; Morey, Romeijn, & Rouder, 2016; Mulder & Wagenmakers, 2016;
Wagenmakers, 2007; Wagenmakers et al., 2017).
While reviewing Bayesian inference in detail is unfortunately beyond
the scope of this dissertation, four major issues and advantages of the Bayes
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factor do need mentioning when compared the p value driven frequentist
approach (Jarosz & Wiley, 2014).
First, the p value relies on hypothetical data, because the sampling
distribution represents iterations of the same experiments (assuming the null is
true) rather than data that are actually observed. The BF, in contrast, only
considers observed data, and relates this data to the null and alternative.
Second, the p value depends on data collection and it is the common
understanding that running more participants increases the likelihood of
finding a significant p value. This is not to say that it is common practice to
“chase significance” by running more subjects, however it is not something
researchers have to account for either, nor is it common to employ sample size
and power calculations. The BF is not affected by stopping or measurement
criteria (Rouder, 2014), and analyses of one data batch can inform the analysis
of the next data set.
Third, the p value does not provide statistical evidence. Sample size
influences whether a result will show a significant difference without any
practical significance. In other words, p values from two experiments differing
in sample sizes do not carry the same statistical weight of evidence. The BF, on
the other hand, provides the weight of the evidence independent of sample
size because it is based on the ratios of probabilities. Thus, two Bayes factors of
the same value represent the same amount of evidence for the alternative.
Forth, the p value approach focuses only on the data under the null,
without considering the alternative, and whether the null hypothesis can be
rejected. This disregards that it is possible that neither the null nor the
alternative hypothesis provides good fits for the data. The BF approach is
comparative by nature; it is not just a measure of how unlikely the null
hypothesis is. Instead it provides a comparison between the null and the
alternative as well as the weight of the evidence (i.e. the probability of the data
under the hypotheses).
Considering these four main issues, the Bayes factors may provide a
useful addition to traditional frequentist analyses. Therefore, Bayesian analyses
provide an independent evaluation the data, and will be reported throughout
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this dissertation. For the following three chapters using fNIRS, the Bayes factors
are primarily used to guide interpretation of p values that are significant though
uncorrected, as well as insignificant p values. In the behavioural chapter,
frequentist and Bayesian analyses are conducted along side in order to explore
the similarities and differences in the results and inferences to be made.

1.7.2) What is the Bayesian hypothesis testing?
In the frequentist approach, an asymmetric relationship is assumed between
two hypotheses, so that, based on a set of collected data, one does not reject
the null hypothesis or rejects it in favour of the alternative hypothesis. Bayesian
hypothesis testing does not presuppose this asymmetric relationship (and it
leaves room to consider more than two hypotheses).
Bayesian statistics are named after Thomas Bayes, who discovered the
rule. In simple terms, the Bayes rule describes how we are ought to learn from
experience. In order to learn from experience, we need to update what we
know according to new information coming in. More specifically, this learning
is accomplished through updating knowledge by considering prediction errors.
For example, new information can either highlight that our knowledge was
fairly accurate, or it can reveal that we were wrong. When we are accurate,
our predictions about the world were good (though never perfect), so that small
prediction errors only need minor adjustments. When we are wrong about
something, we made gross prediction errors, that in light of this new
information need large adjustments in knowledge.
The Bayes rule provides a mathematical formula of this predictive
principle of learning from experience. It uses probability to quantify
uncertainty, plausibility or degree-of-belief. The Bayes’ rule outlines how prior
(i.e. pre-data) uncertainties and beliefs shall be updated to posterior (i.e. postdata) uncertainties and beliefs.
In order to test a hypothesis using Bayesian analyses, one wants to
assess how adequate the null hypothesis is in comparison to how adequate an
alternative hypothesis is (Wagenmakers et al., 2016). The difference to the
52

frequentist approach is that the H0 hypothesis is explicitly taken into
consideration in order to make meaningful inference about the presence or
absence of an effect (Wrinch & Jeffreys, 1921). In order to compare how
predictive the null against the alternative hypothesis is, the two are translated
into statistical models.
More specifically, the prior and posterior model probabilities are
calculated, as well as the change from prior to posterior model odds. This
results in a Bayes factor. Reviewing the mathematical details behind Bayesian
statistics is beyond the scope of this dissertation, which is why the focus will
now be on what the Bayes factor means and how to report Bayesian statistics
relevant to this dissertation.
So, the Bayes factor (BF10) is a ratio of the likelihood probability of two
competing hypotheses (H1 and H0):
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In other words, the Bayes factor (i.e. BF10) equals the predictive
adequacy (i.e. p) of the data under the alternative hypothesis (i.e. H1) relative to
the predictive adequacy of the data under the null hypothesis (i.e. H0).
It should be noted, that a Bayes Factor (BF) for the alternative hypothesis
is reported as BF10, a Bayes Factor for the null hypothesis is reported as BF01,
though the BF01 simply represents the inverse of the BF10:
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So while they provide the same information, using either BF where
appropriate simplifies describing the findings. For example, a BF10 = .5 shows
that the data is half as likely under the alternative hypothesis as under the null,
so it might be more straightforward to report the inverse, i.e. BF01 = 2 and
describe the data as twice as likely under the null hypothesis.
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Since the Bayes factor is comparative by nature (i.e. model comparison),
and not only considers the data under the null but also the data under the
alternative, it provides the probability of the data under either hypothesis.
Therefore, the probability of the data under the null can be greater than the
probability of the data under the alternative. Unlike the frequentist approach,
which is limited to rejecting the null hypothesis, in the Bayesian approach one
can make a positive argument for the null rather than the alternative
hypothesis. It is also possible that both the null and alternative hypothesis do
not predict the data well. While inconclusive results as such might not be as
‘straightforward’ as the significant/insignificant p values approach, what the
replication crisis has highlighted is that straightforward does not imply reliable
or consistent. Additionally, Bayesian statistics are not limited to two
hypotheses, but can be used to compare various models (either against the null
model or against each other) to find the model that best predicts the data. Thus,
Bayesian analyses certainly appear to have various statistical advantages over
frequentist analyses (i.e. providing predictive adequacies of two or more
hypotheses), but even inconclusive results may be argued to open up novel
avenues of discussion, which is not the case in the (in comparison) limited
frequentist approach.

1.7.3) Reporting Bayesian Results
In Bayesian statistics, Bayes Factors (BF) can be reported as evidence that
favours differences by reporting the BF for the alternative hypothesis (BF10), or
as evidence in favour of no difference by reporting the BF for the null
hypothesis (BF01). For example, when the data shows evidence in favour of the
alternative hypothesis with a BF10 = 2, results can be reported as “the data is
twice as likely under the alternative when compared to the null hypothesis”.
While this is mathematically the most accurate inference made from the Bayes
Factor, general guidelines have been proposed to aid interpreting the BF, and
are provided in the Table 1.1 below (Jeffreys, 1961). These guidelines allow
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interpreting the BF as anecdotal, moderate, strong, very strong or extreme
evidence.
Table 1.1) BF Guidelines: for Interpretation of the Bayes Factor statistics (Jeffreys,
1961).

Bayes Factor
1-3
3-10
10-30
30-100
> 100

Evidence
anecdotal
moderate
strong
very strong
extreme

For example, while a BF10 = 2 shows that the data is twice as likely
under the alternative, this BF still would only reflect anecdotal evidence.
Throughout this dissertation, BF are reported according to these guidelines to
simplified interpretation of the results, as well as focusing on strong evidence
(i.e. BF > 10).
Bayesian analyses are by definition a model comparison, but there still
are two possible avenues to pursue in the analyses: the model comparison and
the analysis of effects.
In the model comparison, every possible model is created so that the
best model can be selected based on the BF. For a simple design, for example,
in a design with two fixed factors (A and B), there are five possible models,
namely: the null model, the model with a main effect of A, the model with a
main effect of B, the model with both the effects of A and B, and the model
with the main effect of A, of B and the interaction between A and B. This
simple model comparison may clearly show whether there is an effect of A or
B, both, neither, or an interaction, and the Bayes factors for the model/s that
best predict the data are reported.
For more complicated designs, the analysis of effects is a useful first
analysis. For example, a 2x2x2 repeated measures design would result in a
model comparison of 18 models against the null. While one of the 18 models
might clearly provide the most evidence against the null model, it is also
possible to have various models providing strong evidence, which makes it
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more difficult to interpret. The analysis of effects therefore provides the average
across models, providing the Bayes Factors inclusion (i.e. BFincl). In Bayesian
terms, the BFincl is the change from prior to posterior inclusion odds, where the
prior inclusion probability is the sum of the prior probabilities of all models
including that effect, while the posterior inclusion probability is the sum of the
posterior probabilities of all models including that effect. The BFincl can
therefore establish for which effect/s (and/or interactions) the data provides the
strongest evidence by averaging across models. While this analysis of effects is
still Bayesian by nature, it is more relatable to frequentist analyses, which
similarly provide the p values for each effect and interactions. (Note: Analysis
of effects is of course possible in simple designs, but since there are only few
models to begin with, it is less insightful than for complicated designs). Using
model comparison to evaluate all possible models and their relative adequacy
can then follow up analysis of effects in complicated designs. Additionally, one
can compare all models against the best model, to evaluate the evidence
between models. This is of interest when, for example, various models provide
strong evidence against the null in order to evaluate whether various models
provide comparably adequate evidence against the null model, or whether one
model is much more representative of the data. In other words, when 18
models are compared against the null, and various provide strong evidence
against the null, by establishing which model provides the best evidence
allows exploring the effects and/or interactions further. So not only is there
evidence against the null, but the evidence can further be evaluated based on
the model terms. For example, three models might provides strong evidence
against the null, for example the model with the main effect A, the model with
the main effect B, and the model with the both main effects and their
interaction. The comparison between these three models could further explain
that e.g. the third model (that includes the interaction term between effect A
and B) provides more evidence than each model with just the main effects.
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Chapter 2: Involvement of prefrontal cortex in
prospective memory with face versus object
cues: An fNIRS study

2.1) Introduction
In the late 80s, the union of cognitive psychology with brain imaging technique
established the novel field of cognitive neuroscience. Positron emission
tomography (PET) and then functional magnetic resonance imaging (fMRI)
provided the first techniques to study the structure and function of the brain (for
a brief history see (Raichle, 2009). In 1992, functional near-infrared
spectroscopy (fNIRS) joined the neuroimaging party, providing another
technique that allows measuring oxygen concentration changes (Ferrari &
Quaresima, 2012; Lloyd-Fox, Blasi, & Elwell, 2010).
The chief advantage of fNIRS over other neuroimaging techniques is that
it imposes fewer constraints on participant movement and interaction, allowing
naturalistic behaviour that would not otherwise be possible. This is particularly
relevant to studying processes supported by the frontal lobes that support
behavioural organisation, which are referred to as executive functions.
PM is one of the abilities commonly grouped with executive functions.
PM refers to the ability to form and realize intentions after a delay (e.g.
remembering to post a letter or take medication) (Einstein & McDaniel, 1990;
Meacham & Leiman, 1982). One continuing discussion in the literature
concerns the ecological validity of lab-based PM paradigms, i.e. whether the
processes and their neural correlates measured in the laboratory reflect realworld PM or whether real-world PM is masked in more artificial laboratory
environments (Burgess, Alderman, Volle, Benoit, & Gilbert, 2009; Shallice &
Burgess, 1991).
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One type of real-world behaviour that fNIRS may be particularly well
suited to examine are intentions that require social interaction, especially in
contrast with techniques such as fMRI that involve the participant lying alone
in the scanner. As an initial step towards this aim, in the present study we
included PM cues that were either social (faces) or non-social (objects) in
nature. Previous research on prosopagnosia and category specific semantic
deficits has shown that neural representations of faces versus objects are at
least partially distinct (Shah, Gaule, Gaigg, Bird, & Cook, 2015; Watson, Huis
in ’t Veld, & de Gelder, 2016). In everyday PM, faces and objects represent two
of the most common visual cues, i.e. intentions cued by social stimuli (e.g.
remembering to pass on a message when seeing a colleague’s face) versus nonsocial stimuli (e.g. remembering to post a letter when seeing a mailbox). Thus,
this paradigm allowed us to investigate potential differences in brain activity
related to detecting social versus non-social PM cues.
Previous behavioural work has suggested that delayed intentions
embedded in a social context have a special status for humans. For example,
intentions linked to a social motive can elicit increased importance ratings and
performance levels (Brandimonte, Ferrante, Bianco, & Villani, 2010;
Penningroth, Scott, & Freuen, 2011; Walter & Meier, 2014). However, the
possible neural bases for such effects have not previously been examined.
Thus, the aim of the current study was to investigate possible differences
between social and non-social cues, which would motivate the use of fNIRS in
subsequent investigations using more naturalistic social interactions.
The typical manner in which PM is investigated experimentally is by
engaging participants in an ‘ongoing task’ (e.g. engaging in some sort of
discrimination task on each trial such as judging which of two objects weighs
more) and then, in PM conditions, asking them to remember to execute some
alternative response when they encounter a pre-specified cue (e.g. a specific
object). Crucially, the standard ongoing response (e.g. weight judgement)
remains available when this cue is presented, and therefore intention execution
needs to be self-initiated rather than being strongly triggered by the target
stimulus. Brain activity associated with remembering delayed intentions can be
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investigated by comparing conditions in which the ongoing task alone is
performed versus PM conditions additionally involving the delayed intention.
In some studies a subsequent ongoing-only condition can also be administered,
in which participants are told that the previous intention is no longer relevant
(e.g. Beck, Ruge, Walser, & Goschke, 2014). This is sometimes referred to as a
‘contaminated’ ongoing condition (Simons et al., 2006), seeing as participants
cannot be expected to entirely unlearn the previous intention.
Previous

studies

have

highlighted

rostral

prefrontal

cortex,

approximating Brodmann Area 10, as a region that consistently shows
haemodynamic change associated with performance of PM tasks (see Burgess
et al., 2011; Cona et al., 2015 for review). Activity in this region has been
associated both with detection of cues (e.g. Gilbert et al., 2009), and the
maintenance of intentions (e.g. Gilbert 2011), even in situations where targets
were expected but never encountered (Burgess et al., 2001). Given the
proximity of rostral prefrontal cortex to the forehead – a region easily
accessible using fNIRS - this suggests the suitability of this technique for
investigating PM. In the present study we test this directly by administering a
PM task and investigating haemodynamic effects in the rostral prefrontal
region. Should significant haemodynamic effects be detected, this would
provide an empirical basis for the use of fNIRS in future studies of PM, which
could capitalise on its advantages over other neuroimaging techniques.
fNIRS is based on the mechanism of neurovascular coupling. This refers
to the link between energy-requiring neural processes (which necessitate
oxygen) and vascular processes including vasodilation and increases in blood
flow and blood volume (Buxton, 2009). Haemoglobin delivers oxygen to cells,
so that increases in oxygenated (HBO2) and decreases in deoxygenated (HHb)
haemoglobin are associated with functional brain activity (Ferrari &
Quaresima, 2012; Scholkmann et al., 2014). In other words, the hemodynamic
response in fNIRS refers to the increases in HBO2 and decreases in HHb.
Biological tissue is relatively transparent which is why near-infrared light can
travel through the scalp skin, skull, cerebrospinal fluid and reach the brain
(Scholkmann et al., 2014). In fNIRS, as light travels through the brain, it
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undergoes two processes: it is absorbed by HBO2 and HHb, but it is also
randomly scattered (which alters the photon path). fNIRS devices thus use light
sources (sending the light into the tissue) as well as photodetectors, which
collect the back-scattered light.
As with every measurement, the signal is corrupted by noise, including
motion artefacts and – particularly for fNIRS - physiological noise (e.g.
heartbeat, breathing rate and blood pressure artefacts), which needs to be
addressed through careful statistical analysis (Tak & Ye, 2014). The fNIRS
signal has been classified into six components forming an interactive network
of task-evoked neurovascular coupling, spontaneous neurovascular coupling
and systemic processes (for a detailed review see Scholkmann et al., 2014).
Thus, spontaneous neurovascular coupling and systemic processes are a
confounding factor of fNIRS, referred to as “false positives” (i.e. systemic
changes that mimic the task-related hemodynamic response) and “false
negatives” (i.e. systemic changes that mask the task-related hemodynamic
response) (Tachtsidis & Scholkmann, 2016). Tachtsidis, Koh, Stubbs, & Elwell
(2010) were the first to describe an approach combining fNIRS and systemic
data that enabled all signal components to be separated (see also Kirilina et al.,
2012; Patel, Katura, Maki, & Tachtsidis, 2011).

Moreover, Tachtsidis &

Scholkmann (2016) described approaches to allow false positives and
negatives to be avoided or minimized. The authors also highlight the
importance of reporting both HBO2 and HHb signals, instead of only HBO2, in
order to draw stronger neuroscientific conclusions.
This is for two reasons: first, the two signals are affected differentially by
systemic changes. By combining simultaneous fMRI and fNIRS measurements,
Kirilina et al. (2012) explored how to separate cortical activation signals from
previously reported systemic artefacts of the forehead (Tachtsidis et al., 2009;
Takahashi et al., 2011). While in the cortical fNIRS signals a strong task-evoked
systemic component was found, the artefacts were only observed for HBO2 but
not for HHb concentration changes. Second, the activation patterns for the two
signals differ in specificity. Zhang, Noah, & Hirsch (2016) investigated the
acquired signal for HBO2 and HHb from a finger thumb tapping task, revealing
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a non-specific, wide-spread positive activation pattern for HBO2, while for
HHb the activation pattern lacked the global component but instead showed a
more specific, localized activation pattern.
Regarding data analyses, general Linear Models (GLM) are ubiquitously
used for first-level analyses of fMRI data. This method has been extended to
fNIRS data analyses. In GLMs, data is regressed using a linear combination of
explanatory variables (i.e. regressors) and an error term. A design matrix is used
to model the hemodynamic response to a cognitive task through these
regressors plus a constant (Tachtsidis et al., 2010; Tak & Ye, 2014).
In fNIRS, the challenge arises when conducting second level group
analyses, which allow assessing the variability of the effects of the sample (or
between samples). First-level analyses using GLM produces contrast estimates
of predictor coefficients (β-values). In fMRI, the beta-maps are made of all the
voxels, while in fNIRS the maps are interpolated. Additionally, fMRI has
structural images that even when smoothed to a template brain, are still more
accurate than fNIRS. fNIRS lacks structural imaging altogether, as it’s based on
an array of discrete points (channels) and participants vary in head size. All of
these fNIRS issues make it problematic to achieve a good overlap of channels
between participants.
Second level analyses are therefore conducted on β-values for each
contrast, each channel and each signal. For example, in an experiment with 6
contrasts, using a 16 channel system and investigating both HBO2 and HHb,
the number of comparisons is large and needs to be accounted for, since
multiple comparisons can inflate the family-wise error rate. Here three
approaches were employed to address this issue.
False discovery rate correction is widely used in the fNIRS literature and
was also applied here, though it is considered as rather conservative (FDR)
(Singh & Dan, 2006).
We also considered an alternative approach to correct for multiple
comparisons. A channel is considered significant if it satisfies two independent
statistical tests at a p < .056 threshold. The chance of two independent tests
meeting this threshold under the null hypothesis is .0031 (= .056 * .056),
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which matches a threshold of p < .05 Bonferroni corrected over 16 channels (=
.05 /16 = .0031). We apply this by searching for channels with significant
effects in the same channel in both HBO2 and HHb in each contrast.
Moreover, this approach is build on the understanding that neural activity has
inverse effects on the two signals: an increase in HBO2 and a decrease in HHb
signal (Tachtsidis & Scholkmann, 2016).
Lastly, we explored the effects by combining the results from frequentist
and Bayesian analyses, which allowed exploring uncorrected p values when
combined with a Bayes factor suggesting strong evidence.
In summary, the present study had two main aims: 1) whether brain
activation differences may be observed between PM tasks involving face versus
object cues, and 2) whether fNIRS can detect prefrontal cortex activity changes
that have been demonstrated in previous PET and fMRI investigations of PM.

2.2) Method
2.2.1) Participants
Twenty healthy participants completed a PM task while fNIRS data were
acquired. All participants gave informed consent, were paid for participation
and the local Ethics Committee approved the study. Overall, four participants
were excluded from further analyses. One participant scored at ceiling for the
PM conditions, but performed at chance in the ongoing task. Another
participant used the wrong response keys during the social PM condition. For
one participant there was an error while running the paradigm, resulting in the
loss of the behavioural as well as fNIRS data. One participant was excluded at
visual inspection (see signal pre-processing section below). Therefore, data
from 16 participants was entered into the final analyses (10 female; mean age =
25.3, SD = 6.44).
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2.2.2) Task Design
The task consisted of 4 conditions presented in separate blocks of trials (see
Figure 1). First, the participants completed the (uncontaminated) ongoing task.
Participants either viewed a pair of objects or a pair of faces, and were asked to
judge which one was heavier (i.e. selecting the heavier of the two objects or
the face belonging to the heavier person). Responses were made by pressing
either the “N” key or “M” key for the left or right stimulus, respectively. Then
participants completed the social and non-social PM conditions, the order of
which was counterbalanced. At the start of these blocks, participants were
asked to memorize a single face stimulus (social PM condition) or object
stimulus (non-social PM condition). Participants were instructed to press a
different response key (“Z” key) if they encountered this PM target stimulus in
the subsequent block, rather than one of the ongoing response keys (“N” or
“M”). The target stimulus was presented for 7 seconds, after which the next
block began. In the final block, participants completed the heaviness-judgment
ongoing task only (contaminated ongoing task).

63

64

in purple). They then completed the ongoing task, but had to press an alternative response if they saw the target.

encoded a target, which was a face stimulus in the social PM miniblock (shown in green) and an object stimulus in the non-social PM block (shown

trial, participants viewed either a pair of objects or a pair of faces and had to judge which one was heavier. During the PM miniblocks, participants

ongoing and the two PM conditions counterbalanced; each block was divided into four miniblocks with baseline arrow tasks interspersed. On each

Figure 2.1) Task design: Task design showing ongoing, social PM and non-social PM miniblocks. The experiment consisted of four blocks: two

A total of 24 images were used repeatedly as stimuli throughout the
task. 12 face images were selected and used with permission from the FACES
database (Ebner, Riediger, & Lindenberger, 2010). Six of the images were
categorized as “heavier” faces and 6 images were categorized as “lighter”
faces. Twelve object images were selected from the collection “20,000 Photos”
(Focus Multimedia Ltd), based on high frequency and ease of recognition. 6
images were categorized as “heavier” objects (e.g. the image of a truck) and
the other 6 images were categorized as “lighter” objects (e.g. the image of a
lemon). Stimulus pairs were presented for 700 ms. There was then a pause until
the participant made a response (if they had not already done so), up to a
maximum of 3 seconds, followed by an additional 200 ms pause before the
next trial.
Each of the 4 blocks consisted of 144 trials. Half of these trials consisted
of object pairs and half consisted of face pairs, with each pair comprised of one
heavy and one light stimulus. Stimuli were presented in a random order, with
each stimulus equally likely to be presented on the left or right of the screen,
and equally likely to be paired with each of the 6 stimuli belonging to the same
category (face / object) but different weight. Blocks were divided into 4
miniblocks of 36 trials. Between miniblocks there was a 15s baseline task
during which participants responded to left- or right-pointing arrows with the
“N” or “M” key respectively. Arrows were presented for 150ms in a randomly
chosen left or right direction. There was then a pause until a keypress was
made, followed by a random response-stimulus interval between 100 and 500
ms. This task design, with baseline periods interspersed evenly within
experimental conditions allows for systemic changes throughout the
experiment to be controlled for, as suggested by Tachtsidis & Scholkmann
(2016).
For each participant, one social and one non-social image were used to
define the PM targets. These images were counterbalanced between subjects.
Both targets appeared in all conditions, though during the uncontaminated
ongoing condition the participants were unaware that these stimuli would
become targets in the following PM conditions, while during the contaminated
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ongoing condition the participant might recognize these as previous targets but
no longer made PM responses. In the PM conditions, PM targets appeared on
8.3% of the trials (12 targets per PM condition), in a pseudorandomised order
with the constraint that targets were never presented on consecutive trials and
there were 3 targets per miniblock.

2.2.3) Experimental Protocol
The experiment was conducted in a soundproof and windowless room and
took approximately 20 minutes. The participants first read the task instructions
and briefly practiced the baseline condition (15 seconds) and ongoing task (10
trials). After the practice, they were informed that prior to each miniblock of
the task they would be presented with instructions, which would change for
each miniblock and should therefore be read carefully. The tasks were
administered using a laptop computer with 15.4-inch display, running
MATLAB version 2014a and Psychtoolbox version 3.0.12. Participants were
seated 60cm from the screen.

2.2.4) fNIRS Data Acquisition
Frontal cortex hemodynamic activity was monitored by means of a
multichannel Wearable Optical Topography (WOT, Hitachi High-technologies
Corporation, Japan) fNIRS system (sampling frequency= 5 Hz). The WOT
headset is equipped with 6 light emitters (705 nm and 830 nm) and 6 detectors
arranged in an alternating geometry so that 16 channels are created (see Figure
2.2 for channel configuration and anatomical labels). The source-detector
distance was 3 cm, giving a coverage area on the forehead of 3 x 15 cm2. The
device was set to wireless mode so that data acquisition was controlled by a
laptop using wireless connection. In order to get a reliable headset placement
across all the participants, the procedure described in Pinti et al. (2015) was
adopted. For each participant, four anatomical reference positions (Nasion,
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Inion, Right and Left pre-auricular points) based on the 10-20 standard
positions and optode locations were digitized by means of a 3D magnetic
digitizer (Patriot, Polhemus Inc., USA). The digitized coordinates were
converted into the Montreal Neurological Institute (MNI) space coordinates
and projected onto the ICBM152 brain template (Singh, Okamoto, Dan, Jurcak,
& Dan, 2005) using the NIRS-SPM software package (Ye, Tak, Jang, Jung, &
Jang, 2009). In order to interpret the results in relation to anatomical structures,
channels were mapped onto a template brain (using the ICBM 152 template)
and Brodmann areas (BA) and their respective anatomical labels were extracted
by using the MNI coordinates for the channels in the nfri_anatomlabel.m
function in SPM (Tzourio-Mazoyer et al., 2002) (see Figure 2.2).
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Figure 2.2) Channel configuration and anatomy: 16-channel wearable Optical
Topography (WOT, Hitachi High- technologies Corp, Japan) fNIRS system (sampling
frequency= 5 Hz) was used in this study. The reference points and optode positions
were digitized using the Polhemus Patriot system and the 16 source-detector channels
are shown here over a template brain. The table shows the anatomical labels (using
AAL), Brodmann areas as well as MNI coordinates according to the channel number.
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2.2.5) Signal Pre-Processing
Signal pre-processing was conducted in MATLAB (version 2014a) and using
the Homer2 software (Huppert, Diamond, Franceschini, & Boas, 2009). First,
raw intensity data for the wavelengths were converted into changes in optical
density. Wavelet-based algorithm was then used to correct optical density data
for motion artefacts (Molavi & Dumont, 2012), which has been shown to be
one of the most effective approaches (Brigadoi et al., 2014). A 3rd order
Butterworth band-pass filter with cut-off frequencies between 0.01 and 0.4 Hz
was employed to reduce physiological noise (such as heart rate) and slow
drifts. The Beer-Lambert law was then used to convert the pre-processed
optical density signals into haemoglobin concentration changes (HBO2 and
HHb). Concentration data was downsampled to 1 Hz.
Raw data was first subjected to visual inspection of fNIRS signals in
order to discard those channels with a low SNR (i.e. too much noise in the
form of flat lines with large spikes or complete lack of signal). One participant
was excluded from analyses due to slow frequency oscillations centred at ≈0.1
Hz (termed Mayer-waves) that interfered with the functional experiment, which
were observed during the visual inspection of the fNIRS signals (Tachtsidis et
al., 2004; Yücel et al., 2016). Channel 16 was excluded from analysis for four
participants, channel 1 and channel 8 were also excluded for two participants.

2.2.7) Behavioural Analyses
Accuracy and response times were extracted separately for ongoing and PM
target trials, divided according to stimulus type (face versus object) and
condition (ongoing, social PM, non-social PM, contaminated ongoing).
The open source software JASP (version 0.8.4, Mac OS X) was used to
conduct frequentist and Bayesian analyses.
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In the frequentist approach, 2x4 repeated measures ANOVAs were
conducted to assess the factors stimulus type (face, object) and condition
(ongoing, social-PM, non-social-PM, contaminated ongoing), for accuracy and
RTs in ongoing performance, independently.
The equivalent Bayesian analyses for a design including two factors will
allow a model comparison of five models: 1) the null model (i.e. a model that
does not include any effect of the stimulus type or condition), 2) the model
with the main effect of stimulus type, 3) the model with the main effect of
condition, 4) the model with both main effects (stimulus type and condition),
and 5) the model with the main effect of stimulus type, condition and the
interaction between stimulus type and condition. Analysis of effects and model
comparison are reported.
For PM performance, paired samples t tests were conducted to compare
performance in the social with the non-social conditions, for accuracy and RTs
independently.
Equivalent Bayesian analyses were conducted which provided Bayes
factors in favour of the null hypothesis (BF01) as well as in favour of the
alternative (BF10) for PM performance.

2.2.8) fNIRS Analyses
To compare target (PM hit) trials with nontarget ongoing trials in an event
based approach, social and non-social PM hits were compared against
matched social and non-social dummy events inserted into the ongoing-only
blocks. The two types of dummy event were a) matched in number to their
respective type of PM hit (social or non-social), b) selected from accurate
nontarget ongoing trials of the appropriate type (faces versus objects), and c)
placed in separate ongoing blocks (i.e. either social dummy events were placed
in the uncontaminated ongoing block and non-social dummy events in the
contaminated

ongoing

block,

or

vice

versa).

This

assignment

was

counterbalanced between participants and ensured that the two types of
dummy event, like the two types of PM hit, occurred in separate blocks of
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trials. It also ensured that the comparison between PM hits and ongoing trials
was not confounded with time, as it would have been if PM hits were
compared with uncontaminated ongoing alone. This allowed us to contrast
social and non-social PM events with social and non-social ongoing dummy
events in our design matrix using an event-based approach.
A General Linear Model (GLM) approach was employed to statistically
assess functional activation in response to the assigned tasks. First-level
analyses were performed using the NIRS-SPM software package (Ye et al.,
2009). In order to correct for serial autocorrelations, the precoloring method
was employed (Worsley & Friston, 1995; Ye et al., 2009).
The design matrix consisted of 6 boxcar and 4 event regressors. Each
boxcar function was convolved with the canonical haemodynamic response
function (HRF) and its temporal and dispersion derivates, in order to account
for between-subject variability in the hemodynamic response (Ye et al., 2009).
HHb signals were fitted with a flipped HRF so that functional brain activity
associated with increased HBO2 and decreased HHb would lead to positive t
values in both cases.
The

boxcar

regressors

represented

presentation

of

instructions,

performance of the four experimental conditions (uncontaminated ongoing,
social PM, non-social PM and contaminated ongoing), and the baseline
condition. Event-based regressors coded for social PM hits, non-social PM hits,
social dummy events and non-social dummy events.
The fNIRS data were subjected to a total of nine contrasts. The first five
of these investigated sustained activity modelled with boxcars: contrast 1
collapsed across all experimental conditions and compared these with the
baseline arrows task; contrast 2 compared the PM conditions (social + nonsocial) against the ongoing conditions (contaminated + uncontaminated);
contrasts 3 and 4 individually compared the social and non-social PM
conditions respectively against the ongoing conditions (contaminated +
uncontaminated); contrast 5 directly compared the social PM condition against
the non-social PM condition. The remaining four contrasts investigated
transient activity modelled as events: contrast 6 compared PM hits (social +
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non-social) against ongoing dummy events (social + non-social); contrast 7
compared social PM hits with social ongoing dummy events; contrast 8
compared non-social PM hits with non-social ongoing events; contrast 9
directly compared social and non-social PM hits. These nine contrasts were
used in order to compute contrast estimates of β-values (predictor coefficients)
for each of the 16 NIRS channels and for both HBO2 and HHb.

2.2.8.1) Uncorrected results with Bayes Factors
One-sample t tests on single-subject contrast estimate were performed for
second level group analysis. Equivalent Bayesian analyses were conducted
which provided Bayes factors in favour of the null hypothesis (BF01) as well as
in favour of the alternative (BF10). Since uncorrected p values may be subject to
inflated family-wise error rate through multiple comparison, uncorrected results
at p < .05 will only be discussed combined with Bayes factors indicating strong
evidence (BF > 10).

2.2.8.2) Correction for multiple comparisons
In order to avoid inflating the family-wise error rate by analysing each channel
for each contrast for both signals, the one-sample t tests on single-subject
contrast estimates were therefore evaluated using two multiple-comparison
correction approaches.
A channel will be considered significant if it satisfies two independent
statistical tests at a p < .056 threshold. The chance of two independent tests
meeting this threshold under the null hypothesis is .0031 (= .056 * .056),
which matches a threshold of p < .05 Bonferroni corrected over 16 channels (=
.05 /16 = .0031).

72

2.2.8.2.1) Significance in both signals
Here we searched for channels with significant effects in the same channel in
both HBO2 and HHb in each contrast.
2.2.8.2.2) False discovery rate correction
False discovery rate was applied (FDR) (Singh & Dan, 2006).

2.3) Results
2.3.1) Behavioural Results: Ongoing performance
Accuracy on nontarget trials showed a significant effect of stimulus type (face,
object) [F(1,15) = 41.438, p < .001] and condition (ongoing, social-PM, nonsocial-PM, contaminated ongoing) [F(3,45) = 5.124, p = .004], but no
significant interaction between the two factors [F < 1]. Accuracy was higher for
object than face stimuli, and higher for the two ongoing conditions compared
with the two PM conditions (Figure 2.3).
Considering the Bayes factors, in the analysis of effects, stimulus type
showed the greatest effect [BFincl = 6.2E+11], while no evidence for the effects
of condition [BFincl = 2.11], and the interaction between condition and stimulus
type [BFincl = .26] were found. In the model comparison, the best models
against the null model also highlighted the models including stimulus type (i.e.
stimulus type alone, stimulus type + condition, and the model including both
factors and their interaction) [BF10> 8.5E+10], though the best model was the
model containing both condition and stimulus type [BF10 = 9.7E+11].
The equivalent analysis of RTs showed significant effects of stimulus
type [F(1,15) = 89.59, p < .001] and condition [F(3,45) = 7.166, p < .001],
along with a significant interaction [F(3,45) = 6.343, p = .001]. RTs were faster
for object than face trials. Bayesian effects analyses showed extreme evidence
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for the effect of stimulus type [BFincl = ∞], compared to extreme evidence for
the effect of condition [BFincl = 314.4], but no evidence for their interaction
[BFincl = 3.9]. The model comparison revealed that the best model against the
null model was the model containing both condition and stimulus type [BF10 =
4.5E+23].
In order to investigate the effect of condition, first the ongoing
conditions (collapsed over contaminated and uncontaminated) were compared
against the PM conditions (collapsed over social and non-social). This showed
that RTs were slowed in the PM compared with the ongoing conditions [t(15) =
-4.9, p < .001, BF10 = 148.9]. Next the two PM conditions were compared
against each other. There was no significant difference in RTs between the nonsocial than the social condition [t(15) = 1.9, p = .071, BF10 = 1.2]. Finally the
two ongoing conditions were compared against each other. This showed a
trend towards faster RTs in the contaminated ongoing condition, potentially
due to practice effects, which was only marginally significant [t(15) = 2.1, p =
.051, BF10 = 1.5]. Thus the main effect of condition was mostly attributable to
slowed RTs in the PM compared with the ongoing conditions.
The significant interaction between condition and stimulus type was
further explored, focusing only on ongoing performance in the two PM
conditions using a 2 x 2 repeated measures ANOVA with factors PM condition
(social versus non-social) and stimulus type (face versus object). This showed a
significant condition x stimulus type interaction and extreme evidence for the
Bayesian model including the interaction against the null [F(1,15) = 7.8, p =
.014, BF10 = 1.9E+12]: object trials were slower in the non-social than the
social condition but the reverse was true of face trials. This indicates that
responses to nontarget stimuli were particularly slowed when they matched the
PM target category.
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2.3.2) Behavioural Results: Prospective memory performance
Participants were equally likely to detect targets in the social and non-social
conditions [t(15) = .42, p = .68, BF10 = .28] but RTs for PM hits were
significantly slower in the social condition with a Bayes factor suggesting
strong evidence for the alternative [t(15) = 3.4, p = .004, BF10 = 12.6] (see
Figure 2.3).
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Figure 2.3) Behavioural Results: Mean accuracy performance in % correct and mean
RTs are shown for each of the four blocks (uncontaminated Ongoing, social PM, nonsocial PM and contaminated Ongoing block) dissociating stimulus type (faces and
objects). Mean accuracy and RTs on PM trials dissociating social and non-social PM
are shown on the bottom. Error bars represent SE.
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2.3.3) fNIRS Results
2.3.3.1) Uncorrected results with Bayes Factors
Figures of the results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for each of the nine contrasts are reported in the
Appendix A (Figures 2.4-2.12 for one sample t tests results figures and Figures
2.13 and 2.14 for activation maps). Channels showing significant signal change
based on uncorrected p values and their BF10 for each of the nine contrasts are
shown in Table 2.2. No strong evidence for the null hypothesis was found for
any contrast, one BF10 showed strong evidence in support of the alternative
hypothesis (all BF01 and BF10 are reported in the Appendix A, see Tables 2.3
and 2.4). In contrast 9, which compared social to non-social PM hits, strong
evidence for a significant deactivation in HHb in channel 13 was found [BF10 =
35.4, t(15) = -4.03, p < .001]. Channel 13 corresponds to the left middle frontal
gyrus.

Table 2.2) Overview of significant contrasts: Significant channels are described for
each contrast including t values (with df = 15), uncorrected p values and BF for both
HBO2 and HHb signal. Note: * represents deactivation. Highlighted in yellow are
contrasts with significant (uncorrected) p value and BF10 that indicates strong evidence
(i.e. BF > 10). In contrast 1, experimental conditions refers to the combination of all
conditions, i.e. both ongoing (uncontaminated and contaminated) and both PM
conditions (social and non-social), while the arrow task constitutes the baseline
conditions. In contrast 6, PM hits refer to accurate PM target trials, while ongoing
dummy hits were created using accurate ongoing trials. For contrasts 7 – 9, PM and
ongoing dummy hits were further dissociated based on stimulus type (face versus
object).

[Table 2.2 can be found on the next page]
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PM conditions > ongoing conditions

social PM condition > ongoing conditions

non-social PM condition > ongoing conditions

social > non-social PM condition

PM hits > ongoing dummy hits

social PM hits > face ongoing dummy hits

non-social PM hits > object ongoing dummy hits

social > non-social PM hits

2

3

4

5

6

7

8

9
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experimental conditions > baseline conditions

1

Contrast

HBO2
HHb

HHb

HHb
HBO2
HHb
HBO2
HHb
HBO2
HHb
HBO2

HBO2

HBO2
HHb
HBO2
HHb
HBO2
HHb

Signal

-4.03

2.12
2.18
2.53
2.16
2.10
2.60
2.12

2.14

-2.65
2.74

2.41
2.18
2.09

2.36

t (15)

BF10

no significant channel
no significant channel
0.032
2.1
no significant channel
no significant channel
no significant channel
0.029
2.3
0.046
1.6
0.054
1.4
no significant channel
0.018
3.4
0.015
3.9
no significant channel
0.049
1.5
no significant channel
0.053
0.045
1.6
0.023
2.8
0.047
1.6
0.053
1.5
0.020
3.1
0.051
1.5
no significant channel
0.001
35.4

p

13*

8
6
4
7
12
13
15

7

7*
2

2
12
15

2

Channel

2.3.3.2) Correction for multiple comparisons
2.3.3.2.1) Significance in both signals
No channel was significant in both HBO2 and HHb in any of the nine
contrasts. Figures for each contrast, including all channels and both signals can
be found in the Appendix A.
2.3.3.2.2) False discovery rate correction
Though various significant effects were found considering uncorrected p
values, none of these effects survived with p < 0.05 FDR.

2.4) Discussion
This study investigated fNIRS as a tool for studying PM, which would pave the
way for future studies employing this method to investigate PM in naturalistic
settings. The present study goes beyond existing PET or fMRI studies of PM,
which have never investigated the differences between maintaining and
executing intentions related to social (faces) versus non-social (object) cues.
First, the study aimed to explore differences in brain activity between PM tasks
involving face versus object cues. The second aim addressed the question
whether fNIRS can detect prefrontal cortex activity changes that have been
demonstrated in previous neuroimaging studies of PM.
Behavioural performance was evaluated using both frequentist and
Bayesian approaches. Regarding ongoing accuracy performance, while the
frequentist approach suggested significant main effects of stimulus type and
condition, the Bayesian analysis of effects only extreme evidence for the effect
of stimulus type was found. However, in the Bayesian model comparison did
provide some evidence for condition, as the model containing both effects
provided the strongest evidence against the null model.
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Regarding ongoing RTs, significant main effects of stimulus type and
condition were found using the frequentist approach, as well as a significant
interaction. While Bayesian analyses also found the two significant main
effects, there was no evidence for the interaction. The interaction was further
explored focusing on the two PM conditions only, which resulted in a
significant condition and stimulus type interaction in the frequentist approach,
supported by extreme evidence in the Bayesian approach.
While PM accuracy was not significantly different between social and
non-social conditions (using either analyses approach), participants did
perform slower in the social when compared to the non-social PM condition as
shown by a significant effect in the frequentist approach supported by strong
evidence in the Bayesian approach.
Behaviourally, a standard “PM interference” or “intention cost” effect
was observed, whereby ongoing RTs to nontarget trials were slowed in PM
compared with ongoing-only conditions (Einstein et al., 2005; Smith, 2003).
Furthermore, RTs were preferentially slowed for nontarget trials of the same
stimulus category as the PM target. This would be consistent with the
occurrence of an item-specific checking process that was particularly engaged
on target-relevant trials (Guynn, 2003). Participants were equally likely to
detect PM targets in the social and non-social conditions, however PM hit
responses were significantly slower for the former category. Furthermore,
ongoing responses were significantly slower and less accurate for face stimuli
than object stimuli. This may reflect the greater difference in apparent weight
between the object pairs and the face pairs. Note, however, that this
discrepancy between the two categories of stimulus is orthogonal to the
distinction between social versus non-social PM conditions, seeing as the two
conditions each contained both types of stimulus.
While hemodynamic change associated with performance of a PM task
were detected, the main obstacle for the current study was how to correct for
multiple comparisons in the frequentist approach. Seven of the nine fNIRS
contrasts activated at least one channel without correction for multiple
comparisons, with multiple different channels showing significant effects. To
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correct the results, two approaches were used. First, a channel was considered
significant when there was significant in both HBO2 and HHb, however none
of the 16 channels in any of the nine contrasts met this threshold. Second, FDR
correction was applied, but again none of the results survived correction.
Bayesian analyses were also used to provide an alternative approach to draw
inferences about the data.
One finding has been considered as reliable based on a large Bayes
factor providing strong evidence. A significant deactivation in HHb was found
in the left middle frontal gyrus (channel 13) for social when compared to nonsocial PM hits (contrast 9). In other words, the left lateral prefrontal cortex
showed significantly decreased activation in response to face target events
versus object targets. This result suggests that faces versus object cues may
have a strong impact on brain activity associated with executing delayed
intentions. However, given its novelty, this finding should be interpreted with
caution. Our findings also suggest the importance of considering the
characteristics of both PM demands and ongoing-task demands when
interpreting functional activation in relation to multiple classes of PM
intentions. The ongoing weight-judgement task was performed less accurately
and more slowly for face stimuli than object stimuli. This may have influenced
the processes involved in executing the two types of intention. For example,
seeing as object ongoing trials had faster RTs than face ongoing trials, nonsocial target trials may have placed particular demands on inhibiting a rapid
(but erroneous) ongoing response. By contrast, face target trials may have
allowed more time for the relatively slow ongoing response to be cancelled if a
target was detected.
Overall, while these findings do not strongly suggest that fNIRS may be
a promising method for investigating higher cognitive functions such as PM,
delayed intentions that relate to detecting an object (e.g. a mailbox, in order to
remember to send a letter) may be processed differently in the brain from
intentions related to faces (e.g. remembering to give a letter to a colleague
when you see them).
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Chapter 3: Investigating prefrontal cortex
activity in prospective memory using fNIRS

3.1) Introduction
Haemoglobin is the vehicle in our blood that drives oxygen to cells, which is
the energy required for neural processes. In functional near-infrared
spectroscopy (fNIRS), brain activity is associated with increases in oxygenated
(HBO2) and decreases in deoxygenated (HHb) haemoglobin (Scholkmann et
al., 2014). As a neuroscientific research tool, fNIRS is still in its infancy, and
faces various methodological challenges (Boas, Elwell, Ferrari, & Taga, 2014;
Ferrari & Quaresima, 2012). Nonetheless, it might be useful for investigating
real-world PM. In order to compare and build on the larger neuroimaging
literature on PM, it would be useful to first investigate whether fNIRS is
sensitive to memory for intentions as examined in previous fMRI studies. But
what are the similarities and differences between fNIRS and fMRI?
First, both fNIRS and fMRI are based on the mechanism of
neurovascular coupling (Buxton et al., 2009), which refers to the relationship
between cerebral blood flow and localized neural activity and allows the
inferences we make about changes in brain activity. While the hemodynamic
response in fNIRS refers to the increases in HBO2 and decreases in HHb, in
fMRI the blood oxygen level dependent (BOLD) signal takes advantage of the
paramagnetic nature of HHb only, which influences image intensities (Ferrari &
Quaresima, 2012). The jury is still out on the relationship between fMRI and
fNIRS signals. While some combination studies showed that the BOLD
response correlated with a decrease in HHb concentration (e.g. Kleinschmidt et
al., 1996), other studies showed that the BOLD response correlates most
robustly with the HBO2 signal (e.g. Strangman, Culver, Thompson, & Boas,
2002). Overall, the evidence from other research areas that compared the
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hemodynamic signals in fMRI and fNIRS is promising, revealing correlations
between BOLD and HBO2 and HHb (for a review see Steinbrink et al., 2006).
Second, fNIRS has poorer spatial resolution than fMRI (centimeter
resolution of fNIRS versus millimeter resolution of fMRI) (Steinbrink et al.,
2006). So while in fMRI two cortices can easily be dissociated – even brain
regions as small as 1mm – in fNIRS the borders are more blurred since the
voxel size is much bigger.
Third, fNIRS does not provide structural imaging, while fMRI provides
structural images of the whole brain in 3D (1mm^3), which allows overlaying
functional images onto structural slices resulting in 3D activation clusters.
While there are fNIRS systems that cover the whole head, the penetration
depth still limits the optical measurements to the cortex. With single distance
measurements this allows measuring 1cm of the brain resulting in 2D
activation maps. However, fNIRS can be combined with diffuse optical
tomography (DOT), which allows representing the results as a map or image
rather than just over a few specific points, though this is still limited by
penetration depth.
Because fNIRS can’t provide a structural image, another aspect to
consider is the positioning of the fNIRS probes over brain regions of interest
which can be challenging, even when accounting for the ‘banana’ shaped
trajectory of the photon path (Kleinschmidt et al., 1996). Cui, Bray, Bryant,
Glover, & Reiss (2011) performed a fNIRS-fMRI combination study using a
variety of cognitive tasks and explored whether the two techniques would find
qualitatively similar activations, which was the case, though with higher
significance in the fMRI data. The authors did highlight the usefulness of
structural MRI combined with fNIRS data in order to localize activations more
precisely. Alternatively, consistent probe placement across participants can be
achieved by first digitizing the optodes using a 3D magnetic digitizer (Pinti et
al., 2015). These coordinates can then be converted into the Montreal
Neurological Institute (MNI) space coordinates and projected onto the
ICBM152 brain template (Singh et al., 2005) using the NIRS-SPM software
package (Ye et al., 2009).
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Forth, regarding temporal resolution, fNIRS outperforms fMRI. This
provides an opportunity to investigate the temporal dynamics of the
hemodynamic response to neural activation (Tachtsidis & Scholkmann, 2016).
The method of General Linear Models (GLM) is well established in fMRI, and
has been extended to fNIRS data analysis, which allows considering the entire
time course of data (Friston et al., 1994). Here, fNIRS data can be regressed
using a linear combination of regressors (i.e. explanatory variables) and an
error term. A convoluted boxcar function is used to describe the task design
with the canonical hemodynamic response function (HRF). Thus, the expected
hemodynamic response to a cognitive task is modeled in a design matrix
through these regressors plus a constant (Tachtsidis et al., 2010; Tak & Ye,
2014). Similarly to the SPM software available to fMRI data analyses, there is a
NIRS-SPM software packaged for fNIRS data (Ye et al., 2009).
Lastly, in any type of measurement, the signal is affected by noise and
thus applies to both fMRI and fNIRS, yet in different ways. The signal-to-noise
ratio (SNR) in fNIRS is low when compared to fMRI.
fNIRS and fMRI are both influenced by physiological changes occurring
in the vascular compartment, such as heart rate and blood pressure regulation.
However, fNIRS is also corrupted by regulations occurring in the extra-cerebral
layers of the head, because the light has to travel through and is absorbed by
several layers of biological tissues before reaching the cortex. For instance,
cognitive tasks, especially those that elicit the activity of the autonomic
nervous system (which regulates heart rate), can lead to changes in superficial
skin perfusion. These changes can attenuate and/or mimic the presence of a
hemodynamic response, which are not directly related to brain activity (for a
review see Scholkmann et al., 2014). In other words, some of the signals
measured through fNIRS arises from systemic changes which can be either
task-evoked or spontaneous (Kirilina et al., 2012, 2013; Tachtsidis et al., 2010;
Tachtsidis, Leung, Devoto, Delpy, & Elwell, 2008). This is not an issue for
fMRI, since instead of using light, it uses a magnet field, and takes advantage of
the different magnetic properties of oxyhemoglobin and deoxyhemoglobin
(Pauling & Coryell, 1936). Nonetheless, there has been huge progress in our
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understanding of systemic influences and how to deal with them in fNIRS.
Kirilina et al. (2012), combining fMRI and fNIRS measurements, found that
systemic changes affect the HBO2 and HHb signals differently. Strong taskevoked systemic artefacts were only observed for HBO2 but not for HHb
concentration changes. Building on this, to significantly improve the sensitivity
of fNIRS to cerebral signals they developed a de-noising method (i.e. a set of
physiological regressors).
Additionally, the fNIRS signal is more susceptible to the color of the skin
and hair; the darker the skin or hair (i.e. the more melanin pigment it contains),
the more light is absorbed, which is important to consider, yet difficult to
accommodate during data collection without excluding participants based on
racial group. Thickness of hair (as it can get in the way) and thickness of the
scalp further impact the path of the light. While regarding thick hair, one could
preferentially recruit bald participants; regarding thickness of scalp, only a
structural scan could provide a measurement of how thick a participant’s scalp
is, yet there is no threshold since the issues for fNIRS probably arise due to
combination of more skull bone and more cerebrospinal fluid, or the cortex
being deeper inside the head. None of these factors play a role in fMRI,
however when smoothing fMRI images (to account for anatomical differences
between participants and to remove high frequency noise), some spatial
definition is lost and the SNR increases. For fNIRS, block or event-related
designs including periods of rest, allow measurements to be repeated several
times, which can ameliorate the low SNR. Additional sensors and careful
statistical analyses techniques provide an alternative option to account for
systemic changes (Tachtsidis et al., 2009).
One major advantage of fNIRS over fMRI is that it is less sensitive to
motion artefacts. In fMRI, movement can pose such a problem that necessitates
the exclusion of participants. This is in stark contrast to fNIRS. Not only can
fNIRS deal with motion artefacts better, it also allows studying more natural
behaviours, though physiological changes due to movement need to be
considered. It may be argued that the majority of behaviours are not performed
motionless while laying down (as in a scanner). fNIRS is a compact
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measurement system, which poses no restrictions on a subject’s posture, head
or body movements. This allows investigating behaviours in more naturalistic
settings such has having the subjects standing or seated (Hoshi & Hoshi, 2003),
or even walking (Atsumori et al., 2013; Pinti et al., 2015), cycling (Lin, Lin, &
Chen, 2012) or dancing (Ono et al., 2014; Tachibana, Noah, Bronner, Ono, &
Onozuka, 2011). Recent fNIRS devices have been developed that are wireless
and portable, which opens up the new avenue of investigating freely moving
subjects performing realistic tasks outside of the laboratory (Pinti et al., 2015).
Moreover, fNIRS provides the opportunity of hyperscanning of two or more
interacting individuals (Hirsch, Zhang, Noah, & Ono, 2017), which opens up
novel trajectories for social cognition research that fMRI simply cannot
provide. Preliminary evidence even suggests that fNIRS has great potential to
be used in field-based neuroimaging research, as shown by the study by LloydFox et al. (2014) which assessed cognitive function in infants in rural Africa.
As a final side note, regarding factors that influence study designs, fMRI
scanners are very loud and expensive to acquire and maintain, while fNIRS
devices are soundless, and relatively cheap.
Having considered the similarities and differences between fMRI and
fNIRS, the aim of the current study was to evaluate the feasibility of using fNIRS
in research on memory for delayed intentions. This PM plays an important role
in everyday behavioural organisation (e.g. remembering to post a letter or take
medication). In recognition of this importance, there has been a recent increase
in neuroimaging studies, consistently reporting a lateral-medial dissociation in
the prefrontal cortex associated with remembering delayed intentions. Lateral
prefrontal cortex tends to increase signal in response to PM demands, while
medial prefrontal cortex tends to decrease signal (Barban et al., 2014; Burgess
et al., 2001; Burgess et al., 2003; Landsiedel & Gilbert, 2015; Simons et al.,
2006). Note that despite being ‘deactivated’ by PM demands, medial BA10 has
been shown to carry task-relevant representational information in PM tasks
(Gilbert, 2011; Momennejad & Haynes, 2012, 2013). Therefore this region
continues to play a task-relevant role even in situations associated with
reduced signal, and an interpretation of its role in terms of task-unrelated
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thought in baseline ongoing-only conditions is inadequate (see Landsiedel &
Gilbert, 2015 for discussion). If the replication of the lateral-medial dissociation
were successful, this study would establish the feasibility of using fNIRS in
future PM research.
However, only two prior studies have employed fNIRS to investigate PM
(Dong et al., 2017; Pinti et al., 2015). Pinti et al. (2015) report a single case
study showing that wearable and fibreless fNIRS was able to monitor prefrontal
cortex activations during a naturalistic PM paradigm. Dong et al. (2017)
developed a virtual reality based PM paradigm and investigated whether it
could induce left rostral prefrontal cortex activation measured by fNIRS. While
both studies provide preliminary evidence for the use of fNIRS in PM research,
here we aim to provide evidence that provides a connection to the established
fMRI literature on PM. Thus, the first aim of the current study was to replicate
the lateral-medial dissociation in the prefrontal cortex, reported consistently in
previous fMRI literature on PM.
The experimental task was adapted from the fMRI study by Landsiedel &
Gilbert (2015) that investigated intention offloading. Offloading refers to
actions that allow us to offload cognitive demands from the body into the
world (Risko & Gilbert, 2016). Intentions can also be offloaded by creating an
external reminder for a delayed intention (Gilbert, 2015). For example, we
might offload our intentions to external tools, whether it is writing a post-it
note, using a calendar or writing a to-do list.
In this paradigm (see Figure 3.1), participants had to drag numbered
circles in numerical order to the bottom of a box (baseline task). In the two
intentions conditions, participants had to simultaneously remember delayed
intentions (e.g. drag 5 to the top, 7 to the right and 8 to the left instead). In the
intention offloading condition, participants offloaded their intentions to
locations within the square, so that their location would remind them to drag
them where they needed to go (e.g. top, right and left). In other words they had
to set reminders at the start of a trial by dragging these three circles near where
they needed to go. In the other intention condition with no offloading,
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participants performed the same task but had to remember the circles without
being able to set reminders.
In the fMRI study, it was found that the medial rostral prefrontal cortex
was less deactivated during offloading, while lateral prefrontal cortex showed
sustained activation independent of offloading. This suggests that the medial
rostral prefrontal cortex, which represents the content of delayed intentions, is
less activated when external reminders are used. The lateral rostral prefrontal
cortex, in contrast, appears to play a content-free role and therefore exhibits
sustained activation independent of offloading. The second aim of the current
study was to replicate these offloading-specific brain patterns using fNIRS.
fNIRS provides a brain imaging technique that is similar to fMRI in many
ways. However, there are also various differences, or some might argue
benefits of fNIRS over fMRI. Here, we attempt to evaluate the feasibility of
using fNIRS in research on memory for delayed intentions. The current study
aimed to 1) replicate the lateral increase and medial decrease in prefrontal
cortex activity associated with PM, and 2) replicate the offloading specific
results reported in Landsiedel & Gilbert (2015). As a prerequisite to enable this
replication, we employed the same task design as in Landsiedel & Gilbert
(2015).

3.2) Method
3.2.1) Participants
For 16 healthy participants (9 male, mean age = 24.7, SD = 5.1, ranging from
18-30 years), fNIRS was recorded while they completed a PM task. Data from
one participant was excluded from analyses, because behavioural performance
was below chance. All participants were paid for participation and provided
informed consent. All participants were right-handed. The study was approved
by the local Ethics Committee.
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3.2.2) Behavioural Task
The main aim of the current experiment was to replicate the fMRI study by
Landsiedel & Gilbert (2015) using fNIRS. The task consisted of ten randomly
scattered circles inside a square on the screen, which were numbered from 1 to
10.
In the baseline control condition, on each trial, participants had to drag
the circles in numerical order to the bottom of the square. Circles could only
be moved if it was accurate according to numerical order (Figure 3.1).
Two intention conditions were employed, where at the start of each
block, participants were instructed about three numbered circles which had to
be dragged to the left, right or top of the square, rather than the bottom. For
example, they were instructed to drag “5 to the top, 7 to the right and 8 to the
left instead”. Participants still had to drag the circles in numerical order to the
bottom, but when it was the turn of any of the three instructed numbers, they
had to drag those to the correct location.
In the offloading intention condition, participants were required to set
reminders. To set reminders, participants had to drag the three circles near the
side of the square where they needed to go. For example, participants were
instructed which three numbers had a different destination to the other circles,
e.g. “5 to the top, 7 to the right and 8 to the left” then had to set reminders by
dragging each to the top, right and left of the square, respectively. Once the
reminders were set (Figure 1: C), they then commenced the task of dragging all
circles in numerical order to the bottom. In other words, participants offloaded
their intentions to locations within the square, so that their location would
remind them to drag them to the top, right and left instead.
In the no offloading intention condition, participants performed the
same task, but had to remember the special circles without setting reminders
by offloading them to locations.
Participants received feedback on their performance while they dragged
the yellow circles, so that a circle’s colour changed to green when it was
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dragged to the correct location, and red when it was dragged to the wrong
location, before it disappeared from the screen.
The paradigm was identical to Landsiedel & Gilbert (2015), with the
only difference that the earlier experiment included one additional condition
where participants had to drag only one circle (instead of three) to a different
location. This condition was omitted in the current experiment due to timeconstraints. Additionally, while in the fMRI study a trackball was used to record
responses, here the paradigm was presented on a touchscreen, which recorded
responses.
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Figure 3.1) Task design: Schematic illustration of the intention offloading task. Only on
trials where participants were instructed to offload (Instructions A in green), they
performed intention offloading (C) after being presented the initial stimuli (B).
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3.2.3) fNIRS Data Acquisition
fNIRS data acquisition was identical to the previous fNIRS study (see Chapter
2).

3.2.4) Experimental Protocol
The experiment took approximately an hour. First, participants were provided
with the information sheet and gave consent as well as demographic
information. Devices were set up for data acquisition, which was followed by a
brief practice of each condition of the task.
The experiment was presented on a 13.3 inch touchscreen, which was
used to record responses.
The task was self-paced, though restricted to 30 minutes in total. The
number of trials completed by each participant therefore depended on how fast
they responded. When the total task duration was up, the task ended even if a
trial was not yet completed. Incomplete trials were excluded from analyses.
The type of condition (no intention, offloading or no-offloading) was semirandomised so that two consecutive conditions always belonged to a different
condition, but every third trial belonged to the no intention condition, followed
by two PM conditions.

3.2.5) Signal Pre-Processing
Raw concentration data were visually inspected to identify channels with low
signal-to-noise ratio. A few channels had to be excluded from analyses for
three participants: channel 15 was excluded for one participant, and channel
16 was excluded for three participants.
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3.2.6) Behavioural Analyses
Accuracy performance was calculated as the mean percentage of target circles
dragged to their instructed locations dissociating performance in offloading
versus no offloading condition.
The software JASP (version 0.8.4, Mac OS X) was used for behavioural
analyses (both frequentist and Bayesian).
A paired samples t test was used to investigate differences between the
intention conditions (intention with offloading versus intention without
offloading) using frequentist and Bayesian analyses.

3.2.7) fNIRS Analyses
Please refer to the first fNIRS chapter for details on fNIRS analyses steps. In the
current study, the fNIRS data were subjected to a total of six contrasts, which
investigated sustained activity modelled with boxcars. The experiment
contained three conditions: baseline, intention with offloading and intention
with no offloading. Each condition consisted of instruction and task.
The first three contrasts focused on the comparisons between the
intention conditions to the baseline condition: contrast 1 investigated
instructions only, by collapsing instructions across both intention conditions
(offloading + no offloading instructions) and was compared to the baseline
instructions; contrast 2 compared the collapsed intention tasks (offloading + no
offloading) against the baseline task. Contrast 3 compared both intention tasks
(collapsing instructions + task for offloading + no offloading) to the baseline
condition (collapsing instructions + task).
The following three contrasts focused on directly comparing the two
intention conditions: contrast 4 compared offloading instructions to no
offloading instructions; contrast 5 compared offloading task to no offloading
task; and contrast 6 compared the two intention conditions but collapsing
instructions + task for each.
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These six contrasts were used in order to compute β-values for each of
the 16 NIRS channels and for both HBO2 and HHb.

3.2.7.1) Uncorrected results with Bayes Factors
One-sample t tests were conducted for each of the six contrasts, for each of the
16 channels, and for both signals, as well as calculating the Bayes factors.

3.2.7.2) Correction for multiple comparisons
Two multiple-comparison correction approaches were employed here:
significance in both signals and false discovery rate correction (see previous
chapter for further details).

3.3) Results
3.3.1) Behavioural Results
The mean number of completed trials was 17.9 (range: 14 - 21) in the baseline
(no intention) condition, 18.1 (range: 13 - 23) in the offloading condition, and
18.5 (range: 13 - 23) in the no offloading condition.
Mean trial durations were 17 s, 25 s and 21 s in the baseline, offloading
and no offloading conditions, respectively (note that durations in the offloading
conditions were longer because of the time spent creating reminders at the
beginning of the trial).
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Figure 3.2) Average accuracy performance: (in % correct) for offloading versus no
offloading conditions. Error bars indicate SE.

Participants performed similar in the offloading and no offloading
conditions (Figure 3.2). Performance was marginally better in offloading
condition (M = 94.5, SD = 5.6) when compared to the no offloading condition
(M = 89.5, SD = 8.8). The paired samples t test showed a marginally significant
difference between intention conditions [t(14) = 2.09, p = .055, d = .54], while
the Bayes factor did not indicate evidence in favour of the alternative model
[BF10=1.4].

3.3.2) fNIRS Results
3.3.2.1) Uncorrected results with Bayes Factors
Table 3.1 and 3.2 below report all significant effects for all uncorrected results
and their Bayes factors (BF10). There was no evidence for the null hypothesis for
any contrast, channel or either signal. Overall, four Bayes factors suggested
strong evidence supporting the alternative hypothesis (i.e. significant
differences in HBO2/HHB signals). All BF01 and BF10 are reported in the
Appendix B (Tables 3.3 and 3.4).
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In Contrast 1, comparing intention versus baseline instructions only,
strong evidence was found in the HBO2 signal in three channels. Two channels
which correspond to the left superior frontal gyrus showed significant
deactivations, namely channel 10 [BF10 = 27; t(14) = -3.93, p = .002] and
channel 12 [BF10 = 11.5; t(14) = -3.42, p = .004]. Channel 15 also showed
strong evidence for deactivation in HBO2, corresponding to the left middle
orbital frontal gyrus [BF10 = 10.5; t(14) = -3.34, p = .005].
Moreover, strong evidence for a significant activation in the HHb signal
was found in contrast 2, which investigated the task only comparison between
intention and baseline conditions. This was found in channel 6 over the right
superior orbital frontal gyrus [BF10 = 17; t(14) = 3.65, p = .003].
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intention conditions versus baseline (instructions only)

intention conditions versus baseline (task only)

intention conditions versus baseline (instructions + tasks)

1

2

3

Contrast

HHb

HBO2

HHb

HBO2

HHb

HBO2

Signal
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significant (uncorrected) p value and BF10 that indicates strong evidence.

3.65
2.19
-2.15
-2.24
-2.16
-2.85
-2.11
-2.59
-2.54

-3.21
-2.58
-3.93
-2.96
-3.42
-3.19
-3.34
-2.39
-2.11
-2.13
2.44

t (14)

BF10

0.006
8.2
0.022
2.9
0.002
27.0
0.010
5.4
0.004
11.5
0.007
7.9
0.005
10.2
0.031
2.2
0.053
1.5
0.051
1.5
0.029
2.4
no significant channel
0.003
17.0
0.046
1.6
0.049
1.6
0.042
0.3
0.049
0.3
0.013
0.3
0.053
0.3
0.021
0.3
0.024
0.3
no significant channel

p

6
15
5*
7*
8*
9*
11*
12*
15*

7*
9*
10*
11*
12*
14*
15*
6*
12*
15*
16

Channel

BF10 for both HBO2 and HHb signal, for each contrast. Note: Channel* represents deactivation. Highlighted in yellow are contrasts with

Table 3.1) Overview of significant effects for contrasts 1-3. Significant channels are described including t values, df, uncorrected p values and

offloading versus no offloading (instructions only)

offloading versus no offloading (tasks only)

offloading versus no offloading (instructions + tasks)

4

5

6

Contrast
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significant (uncorrected) p value and BF10 that indicates strong evidence.

HHb

HBO2

HBO2
HHb

HHb

HBO2

Signal

-2.31
-2.53
-2.24
-3.19

-2.13
-2.44
-2.47
-2.46
-2.13
-2.27
-2.23

t (14)

BF10

0.052
1.5
0.028
2.4
0.027
2.5
0.028
2.4
0.052
1.5
0.040
1.8
0.042
1.7
no significant channel
no significant channel
0.037
2.0
0.024
2.7
0.042
1.8
0.007
7.9

p

2*
10*
3*
14*

1*
4*
5*
8*
14*
5*
14*

Channel

BF10 for both HBO2 and HHb signal, for each contrast. Note: Channel* represents deactivation. Highlighted in yellow are contrasts with

Table 3.2) Overview of significant effects for contrasts 4-6. Significant channels are described including t values, df, uncorrected p values and

3.3.2.2) Correction for multiple comparisons
3.3.2.2.1) Significance in both signals
Two contrasts showed a total of four significant channels, when using the
approach of searching for channels significant in both HBO2 and HHb.
Channel 12 and 15 were significant in both signals in contrast 1, which
compared the instructions periods between intention and baseline conditions
(Figure 3.3). These channels correspond to the left frontal superior gyrus and
left middle orbital frontal gyrus, respectively. Surprisingly, a deactivation was
observed not only in the HBO2 signal, but also in the HHb signal.

Figure 3.3) Contrast 1: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for contrast 1: intention conditions versus baseline
(instructions only). * indicates significance with uncorrected p values.

Contrast 4 also showed significance in both HBO2 and HHb in two
channels, comparing the instruction periods of offloading versus no offloading
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conditions (Figure 3.4). Both channels, channel 5 over the right middle frontal
gyrus, and channel 14 over the left middle frontal gyrus, again (surprisingly)
showed significant deactivations in both signals.

Figure 3.4) Contrast 4: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for contrast 4: offloading versus no offloading
(instructions only). * indicates significance with uncorrected p values.

Figures of the other four contrasts of the results from one-sample t tests
conducted on each of the 16 channels for HBO2 and HHb for each of the nine
contrasts are reported in the Appendix B (Figures 3.5-3.8 for one sample t tests
results figures and Figures 3.9 and 3.10 for activation maps).
3.3.2.2.2) False discovery rate correction
None of the results survived FDR correction.
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3.4) Discussion
In the current study, we aimed to replicate 1) the standard PM pattern of lateral
increase & medial decrease, and 2) the more specific pattern of offloadingrelated results from the Landsiedel paper. Unfortunately, the current
experiment did not provide data supporting successful replications.
Behaviourally, there were not significant differences between offloading
and no offloading condition. It is argued that this paradigm was not sensitive to
behavioural differences, despite revealing neural differences.
Bayes Factor analyses were employed to evaluate significant results for
uncorrected p values. First, two significant deactivations in HBO2 were found
in the left superior frontal gyrus (channel 10 and 12) but for the contrast
comparing only the instruction periods between intention and baseline
conditions (contrast 1). For the same contrast, significant deactivation in HBO2
in the left middle orbital frontal gyrus was found (channel 15). While
instructions differ between the two conditions, the actual offloading
performance only commences after the instruction period ends and the trial
starts. It is therefore difficult to interpret these significant findings. Second,
significant activation in HHb was found in the right superior orbital frontal
gyrus for the contrast comparing task periods between intention and baseline
conditions.
One approach employed to correct for multiple comparisons was to
look for significance in both HBO2 and HHb in the same channel in each
contrast. This approach is build on the understanding that neural activity has
inverse effects on HBO2 and HHb (i.e. increase in the former and decrease in
the latter) (Tachtsidis & Scholkmann, 2016). However, here the approach
provided two counterintuitive findings.
First, in contrast 1, which focused on the instruction periods for
intention versus baseline condition, showed significant signals in the left frontal
superior gyrus (channel 12) and left middle orbital frontal gyrus (channel 15).
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Surprisingly, instead of observing an anticorrelation between the two signals,
deactivations were observed for both the HBO2 and HHb signal.
Second, similarly surprising were the deactivations observed in both
signals in the right middle frontal gyrus (channel 5), and in the left middle
frontal gyrus (channel 14) for contrast 4, which compared the instruction
periods between offloading and no offloading conditions.
Thus, the current finding of deactivations in both signals is in
contradiction to the anticorrelation assumption between HBO2 and HHb.
Overall, considering the difficulty in interpreting these results, it would
have been useful to evaluate the results using FDR correction. However, none
of the results survived correction for multiple comparisons using FDR.
Correction for multiple comparisons remains a challenge for fNIRS.

3.4.1) Limitations
Methodologically, since the quality of fNIRS data varies greatly from
participant to participant, a larger sample size would have increased statistical
power. However, due to time constraints (i.e. having to return the fNIRS
system) it wasn’t possible to collect more data in the current study.
Even though the same paradigm was used as in Landsiedel & Gilbert
(2015), one difference was that responses were recorded using a touchscreen
rather than the trackball as in the scanner. In the fMRI study, when participants
were using the trackball, the mean trial durations were 30 s, 44 s, and 33 s for
the baseline, offloading and no offloading conditions, respectively. In the
current study, when using the touchscreen, participants performed the task
faster: with 17 s, 25 s and 21 s mean trial duration in the baseline, offloading
and no offloading conditions, respectively. Therefore, participants also
completed nearly double the number of offloading and no offloading trials
(baseline: 17.9, offloading: 18.1, and no offloading: 18.5) than in the fMRI
study (baseline: 15.7, offloading: 8, and no offloading: 8), since the task was
self-paced.
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One other aspect that was not considered here when comparing fMRI
and fNIRS and may be an underlying limitation to the current study is that
posture influences physiology. The cardiovascular system adapts to changes in
postures through autonomic reflexes that decrease or increase blood pressure.
Tachtsidis et al. (2004), for example, investigated the effects of posture changes
on cerebral vasculature in healthy participants using fNIRS. Comparing
standing and sitting down, it was found that standing increased cerebral
oscillations (Tachtsidis et al., 2004). The importance of considering body
posture on brain function and behaviour has been highlighted by Thibault &
Raz (2016). It is yet to be determined whether fMRI data (which is acquired by
having participants laying supine within a scanner) can be directly compared
to fNIRS data (which primarily acquired in participants sitting upright).

3.4.2) In conclusion
As a first attempt of assessing the feasibility of fNIRS in PM research by
replicating established fMRI findings, the current fNIRS study was not able to
demonstrate 1) the lateral increases and medial decreases in prefrontal cortex
as reported in the fMRI literature on PM, nor 2) offloading-specific activation
patterns as reported in Landsiedel & Gilbert (2015). Nonetheless, the current
study has revealed further necessary considerations when aiming to bridge the
gap between fMRI and fNIRS research. Regarding the experimental procedure,
responses were recorded with a touchscreen rather than a trackball, which
might have influenced performance. Moreover, posture was not accounted for
in the current study, which may have limited the possibility of replication.
Lastly, the issue of multiple comparisons correction remains a major obstacle
for fNIRS research, and further explorative analyses approaches need to be
developed and evaluated to assure the quality of inferences made based on
fNIRS data.
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Chapter 4: Further fNIRS investigations of PM

4.1) Introduction
In the previous chapter, the study attempted to evaluate the feasibility of using
fNIRS for research on memory for delayed intentions. While the findings were
inconclusive, the experiment revealed various methodological limitations,
which were taking under consideration and resulted in a second, improved
attempt at this fMRI replication study using fNIRS.
The offloading paradigm used in Landsiedel & Gilbert (2015) was
employed in the current study. While in the experiment in Chapter 3,
responses were recorded with a touch screen, here we opted to use the same
trackball as employed in the original fMRI study. In order to allow for careful
evaluation of the data, a larger sample size than in the previous experiment
was recruited here. Additionally, the experiment was conducted in a
soundproof and windowless room, with the aim to assure the quality of the
fNIRS signal.
The main difference to the experiment in Chapter 3 is that the current
study considered that body posture affects physiology, which in turn influences
brain function and behaviour (Thibault & Raz, 2016). One study has shown
that cerebral oscillations are increased when comparing standing to sitting
down (Tachtsidis et al., 2004). While this might not be an issue for one single
study, in order to draw comparisons, or attempt a replication of fMRI findings
with fNIRS, we argue that it is necessary to take posture into account. Due to
the physical constraints of fMRI, participants necessarily have to complete an
experimental task while laying supine within a scanner. In fNIRS, posture is not
restricted. Nonetheless, it is yet to be determined whether it is sensible to
directly compare fMRI to fNIRS data (that is not collected in participants laying
supine). Since the main aim of the current study was to replicate fMRI findings,
here we explore a third aim, namely to investigate the effects of posture. Thus,
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participants performed the experimental task once while sitting upright and
once while laying down. Task duration (~1h) was kept the same, though it was
split up between postures here, counterbalancing postures between subjects
(i.e. some participants first performed the task laying down, while others
perform the task first sitting upright).
One additional benefit of using posture, as a within-subject factor, is
that it provides the opportunity to conduct additional second level analyses,
considering that correction for multiple comparisons remains a challenge for
fNIRS data.
First, we again apply the rational of considering a channel as significant
if it satisfies two independent statistical tests at a p < .056 threshold, which we
have used by focusing on significance in the two signals, HBO2 and HHb.
Here, the same threshold is applied for a channel that is significant in both
postures (sitting and laying down).
Second, an additional explorative analyses approach was applied here
which used the same threshold, but the data was analysed by collapsing across
postures and focusing on the intercepts, which represent the main effect of
each contrast, but across postures.
The current study therefore revisited the initial three aims, but attempted
to improve the experimental procedure based on the previous findings. Thus,
the three aims were still to 1) replicate the lateral-medial dissociation in
prefrontal cortex activity (i.e. lateral increases and medial decrease) associated
with PM, and 2) replicate the offloading specific results reported in Landsiedel
& Gilbert (2015). Additionally, the current study had the aim to 3) investigate
the effects of posture.

4.2) Method
4.2.1) Participants
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Twenty-five healthy participants (11 male, mean age = 23.16, SD = 3.82
ranging from 19-30 years) completed a PM task while fNIRS data were
acquired. All participants provided informed consent and were paid for
participation. All participants were right-handed, and reported no difficulties
with left and right distinction. Local Ethics Committee approved the study.
One participant was not entered into analyses due to loss of behavioural
data due to a technical problem. Considering the methodological and statistical
challenges within the fNIRS literature, to assure the quality of the data and the
implications of any potential findings, the approach to the current data was
very stringent and conservative. Eleven participants had to be excluded after
visual inspection (see Signal Pre-Processing section below). Therefore, the final
sample entered into analyses consisted of data from 13 participants (5 male, M
= 23, SD = 4.36, aged 19 – 30 years).

4.2.2) Behavioural Task
The paradigm was identical to experiment 1, but responses here were recorded
using the same trackball as in the original study by Landsiedel & Gilbert
(2015).

4.2.3) fNIRS Data Acquisition
fNIRS data acquisition was identical to the previous fNIRS studies (see Chapter
2).

4.2.4) Experimental Protocol
The experiment was conducted in a soundproof and windowless room and
took approximately one hour.
We explored posture (i.e. laying down versus sitting upright) as a withinsubject factor in two consecutive blocks, the order of which was
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counterbalanced between subjects. Note: in the final sample (N=13), the order
of posture was not perfectly counterbalanced, since five of the included
participants performed laying down first, while eight participants performed the
task sitting down first.
First, all participants provided informed consent as well as demographic
information. Devices were set up for data acquisition, which was followed by a
brief practice of each condition of the task.
The experiment was presented on a 13.3 inch screen, which was either
placed in front of the sitting participant, or above the laying participant using a
tripod stand, approximately 40 cm from the participant’ heads. Responses were
made using a track ball, which was placed on the right side of the laying
participant, similar to the setup used in the fMRI study by Landsiedel & Gilbert
(2015).

4.2.5) Signal Pre-Processing
The procedures for signal pre-processing are described in detail in the previous
chapter.
Data from eleven participants was excluded from analyses due to bad
signal at visual inspection (either due to signal failure or motion artefacts),
reducing the sample size to N=13.
After pre-processing, further channels had to be excluded for eight
participants (see Table 4.1). Channels were excluded if there was no
measurement due to flat line signals, when there were no heart rate oscillations
(i.e. no optical coupling with the head) and due to motion artefacts, which
could not be corrected.
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Table 4.1) Excluded channels for each participant.

Participant Number
10
14
15
16
17
19
21
22

Channel(s)
1, 2, 3,4
8, 9
14, 16
11
6, 9, 14
15
3, 5, 6, 9, 13, 14, 15, 16
1, 2, 3, 4, 5, 8, 10, 11, 16

4.2.6) Behavioural Analyses
Accuracy performance was calculated as the mean percentage of target circles
dragged to their instructed locations dissociating performance in offloading
versus no offloading condition and according to posture condition (sitting
versus laying).
Frequentist and Bayesian behavioural analyses were conducted using
the software JASP (version 0.8.4, Mac OS X).
A 2x2 within-subject ANOVA was used to investigate the effects of the
factors posture (sitting versus laying) and intention condition (intention with
offloading versus intention without offloading) in the frequentist approach.
The equivalent Bayesian analyses for a design including two factors will
allow a model comparison of five models: 1) the null model (i.e. a model does
not include any effect of the posture or intention factors), 2) the model with the
main effect of posture, 3) the model with the main effect of intention condition,
4) the model with both main effects (posture and intention conditions), and 5)
the model with the main effect of posture, intention condition and the
interaction between posture and intention condition.
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4.2.7) fNIRS Analyses
fNIRS analyses approach is identical to that described in the first fNIRS chapter.
Identical to the previous chapter, the fNIRS data were subjected to a total of six
contrasts: 1) intention conditions versus baseline (instructions only); 2)
intention conditions versus baseline (task only); 3) intention conditions versus
baseline (instructions + tasks); 4) offloading versus no offloading (instructions
only); 5) offloading versus no offloading (tasks only); and 6) offloading versus
no offloading (instructions + tasks). β-values were computed for each contrast,
for each of the 16 NIRS channels and for both HBO2 and HHb.

4.2.7.1) Uncorrected results with Bayes Factors
Bayes factors as well as one-sample t tests were conducted separately for
posture (sitting and laying), for each of the six contrasts, for each of the 16
channels, and for both signals (for more detail refer to previous chapters).
Similarly, paired sample t tests were conducted to directly compare the
effect of posture (sitting versus laying) and uncorrected p values are reported
relative to the equivalent Bayesian analyses.

4.2.7.2) Correction for multiple comparisons
Three multiple-comparison correction approaches were employed here. As in
the previous chapter: Significance in both signals and False discovery rate
correction were used (more detail in previous chapters). Additionally here, we
performed: Significance in both postures, which refers to searching for
channels with significant effects in the same channel in sitting and laying in
each contrast.
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4.2.7.3) Exploratory analyses: intercepts
A repeated measures analyses was conducted for each of the 16 channels, for
each of the six contrasts and separately for HBO2 and HHb, including posture
as a within-subjects factor, and focused on the intercept (i.e. the main effect of
each contrast, across postures). Significance testing of the intercept is
conceptually analogous to performing a one-sample t test to compare contrast
estimates against zero. As for the previous analyses, a channel was considered
significant if it satisfies two independent tests meeting the threshold of p <
.056. Two exploratory multiple comparison approaches were employed in this
analyses, discussed below.
4.2.7.3.1) Significance in both signals
Here we searched for channels with significant effects in the same channel in
both HBO2 and HHb in each contrast.
4.2.7.3.2) Orthogonal contrasts
One approach was to collapse across postures and search for channels with
significant effects in two orthogonal contrasts (i.e. contrast 1 versus 4, and
contrast 2 versus 5). If a specific channel were significant in both contrasts, this
would show that the signal was significant in both postures (sitting and laying).

4.3) Results
4.3.1) Behavioural Results
For the sitting condition, the mean number of completed trials was 9.8 (range:
6 – 13) in the baseline (no intention) condition, 9.6 (range: 4 – 13) in the
offloading condition, and 8.5 (range: 6 – 14) in the no offloading condition.
110

Mean trial durations were 22 s, 34 s and 26 s in the baseline, offloading
and no offloading conditions, respectively (note that durations in the offloading
conditions were longer because of the time spent creating reminders at the
beginning of the trial).
For laying condition, the mean number of completed trials was 10
(range: 6 -14), 8.5 (range: 5 – 12) and 9.2 (range: 5 – 14) in the baseline,
offloading and no offloading condition, respectively.
Mean trial durations were 21 s, 35 s and 26 s in the baseline, offloading
and no offloading conditions, respectively.

Figure 4.1) Average accuracy performance: (in % correct) for offloading and no
offloading dissociated by posture (sitting and laying). Error bars indicate SE.

Participants performed similar in the offloading and no offloading
conditions, as well as across postures (sitting and laying) (Figure 4.1).
Performance was marginally better in the sitting offloading condition (M =
95.7, SD = 7), followed by laying offloading (M = 94.2, SD = 7.2) and sitting
no offloading (M = 94.2, SD = 11.1), and slightly worse in laying no offloading
condition (M = 90.6, SD = 15.8).
The main effect of posture [F(12) = .931, p = .354, partial η2 = .072] and
the main effect of intention condition [F(12) = 1.41, p = .258, partial η2 = .105]
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were insignificant, and so was the interaction [F(12) = .325, p = .579, partial η2
= .026].
In the Bayesian analyses, the analysis of effects showed no strong
evidence for the effects of posture, intention condition, nor their interaction
[BFincl < 1]. In the model comparison, no model provided evidence against the
null model [BF10 < 1], which suggests no behavioural differences.

4.3.2) fNIRS Results
4.3.2.1) Uncorrected results with Bayes Factors
All significant effects for all uncorrected results and their Bayes factors (BF10)
are reported in Table 4.2 (sitting) and 4.3 (laying) below. Bayesian analyses
showed that there was no strong evidence for the null hypothesis for any
contrast, channel or either signal. Strong evidence in support of the alternative
is discussed below. All BF01 and BF10 are reported in the Appendix C (Tables
4.4 and 4.5).
Overall, four Bayes factors in support of the alternative hypotheses were
found suggesting strong evidence for significantly increased/decreased
HBO2/HHB signals.
In the sitting condition, contrast 2 comparing intention tasks versus
baseline revealed strong evidence was found in channel 1 in the HHb signal
[BF10 = 12.3; t(9) = 3.79, p = .004]. This corresponds to an increased activation
in the right inferior frontal gyrus.
In the laying condition, there was strong evidence in the same contrast
2, however here the increased activation was in the HHb and in channel 4
covering the right middle frontal gyrus [BF10 = 23.7; t(10) = 4.18, p = .002].
Very strong evidence with a BF10 = 67.6 [t(11) = -4.82, p < .001] was
found also in contrast 2 for channel 10 for HBO2. Thus, a significant
deactivation was found for the left frontal superior gyrus.
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Lastly, strong evidence for a deactivation in HBO2 signal in channel 10
was also found in contrast 3, which collapsed across instructions and task and
compared intention conditions to baseline [BF10 = 21.8; t(11) = -4.01, p =
.002].
Paired sample t tests comparing posture (sitting versus laying) for each
contrast, each channel and both signals, revealed a few significant differences
with p < .05 uncorrected. Bayes factor analyses were inconclusive, neither
providing strong evidence for the alternative nor for the null hypotheses.
Results based on uncorrected p values in combination with Bayes factors
therefore showed no significant differences between postures (Note: these
results are reported in the Appendix C: Table 4.6).
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intention conditions versus baseline (task only)

intention conditions versus baseline (instructions +
tasks)

offloading versus no offloading (instructions only)

offloading versus no offloading
(tasks only)

offloading versus no offloading (instructions + tasks)

3

4

5

6
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HHb

HBO2
HHb
HBO2

HHb

HBO2

HHb

HBO2

HHb

10
11
10
10

-2.15
-2.27
-2.71

9
9
12
11
12
11
-2.27

2.38
2.75
-2.28
-2.51
-2.33
-2.28

12
10
9
9
11
9

-2.20
-2.55
3.79
2.26
2.70
3.31

2

9

2.51

HBO2
HHb

1 intention conditions versus baseline (instructions only)
HBO2

df

t

Signal

Contrast

(uncorrected) p value and BF10 that indicates strong evidence (i.e. BF > 10).

BF₁₀

0.034
2.4
no significant channel
0.048
1.7
0.029
2.6
0.004
12.3
0.051
1.7
0.021
3.3
0.009
6.7
no significant channel
0.041
2.0
0.022
3.3
0.042
1.9
0.029
2.5
0.038
2.0
0.044
1.8
no significant channel
0.047
1.8
no significant channel
0.054
1.6
0.046
1.8
0.022
3.2

p

4*
8*
11*

11*

2
14
12*
13*
12*
13*

7*
8*
1
2
13
14

16

Channel

BF10 for both HBO2 and HHb signal, for each contrast. Note: Channel* represents deactivation. Highlighted in yellow are contrasts with significant

Table 4.2) Overview of significant contrasts for sitting posture. Significant channels are described including t values, df, uncorrected p values and

intention conditions versus baseline (instructions only)

intention conditions versus baseline (task only)

intention conditions versus baseline (instructions +
tasks)

offloading versus no offloading (instructions only)

offloading versus no offloading
(tasks only)

offloading versus no offloading (instructions + tasks)

1

2

3

4

5

6

Contrast

(uncorrected) p value and BF10 that indicates strong evidence.
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HHb
HBO2
HHb
HBO2
HHb
HBO2
HHb

HBO2

HHb

HBO2

2.37
-2.62

2.27

9
9
10
9
11
9
10
11
9
11
9

2.50
-2.26
-2.26
-2.56
-4.82
2.43
4.18
2.43
-3.50
-4.01
-2.40

HBO2
HHb

p

BF₁₀

0.034
2.4
0.05
1.8
0.047
1.8
0.031
2.6
< .001
67.6
0.038
2.2
0.002
23.7
0.034
2.2
0.007
8.5
0.002
21.8
0.04
2.1
no significant channel
no significant channel
10
0.047
1.8
no significant channel
9
0.042
2.0
9
0.028
2.8

df

t

Signal

16
2*

6

16
14*
8*
9*
10*
2
4
13
9*
10*
14*

Channel

BF10 for both HBO2 and HHb signal, for each contrast. Note: Channel* represents deactivation. Highlighted in yellow are contrasts with significant

Table 4.3) Overview of significant contrasts for laying posture. Significant channels are described including t values, df, uncorrected p values and

4.3.2.2) Correction for multiple comparisons
4.3.2.2.1) Significance in both signals
When searching for channels significant in both HBO2 and HHb in each
contrast, only in contrast 4, which compared offloading to no offloading
instructions two channels were significant in both HBO2 and HHb but only in
the sitting posture (see Figure 4.2). Channels 12 and 13, which are placed over
the left superior and middle frontal gyrus were significantly deactivated during
the offloading instructions when compared to the no offloading condition.
Similarly, for the paired sample t tests on posture, when considering
significance in both signals as a correction for multiple comparisons, only
channel 6 was significantly deactivated in contrast 5 (see Appendix C for
results). This contrast compared offloading to no offloading (tasks only) and
channel 6 corresponds to the right superior orbital frontal gyrus (or BA 11).
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Figure 4.2) Contrast 4: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for for each postures (sitting and laying) independently
for contrast 4: offloading versus no offloading (instructions only). * indicates
significance with uncorrected p values.
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4.3.2.2.2) Significance in both postures
Only the first three contrasts were significant (uncorrected) in both postures
(sitting and laying) and will be further discussed below (see Figures 4.3, 4.4
and 4.5 below, for contrast 1, 2 and 3, respectively). (Note: figures for the
results for contrast 4 are provided in the previous section (Figure 4.2) and
contrasts 5 and 6 are provided in the Appendix C, see Figures 4.6 and 4.7)

Figure 4.3) Contrast 1: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for each posture (sitting and laying) independently for
contrast 1: intention conditions versus baseline (instructions only). * indicates
significance with uncorrected p values.
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Figure 4.4) Contrast 2: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for each posture (sitting and laying) independently for
contrast 2: intention conditions versus baseline (tasks only). * indicates significance
with uncorrected p values.
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Figure 4.5) Contrast 3: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for each posture (sitting and laying) independently for
contrast 3: intention conditions versus baseline (instructions + tasks). * indicates
significance with uncorrected p values.
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Contrast 1 investigated instructions only (collapsing instructions across
both intention conditions) versus baseline instructions and was significant in
channel 16 (over the left inferior frontal gyrus), with an increased activation for
HBO2 (Figure 4.8). [Note: For channel configuration please refer back to Figure
2.2].

Figure 4.8) Contrast 1 activation maps: compared instructions collapsed across
intention conditions (offloading + no offloading) to the baseline condition. Activation
maps are based on t values for HBO2 and HHb are shown left and right, respectively,
for sitting (top row) and laying posture (bottom row). Channels significant in both
posture are in white, while channels significant only in one posture are circled in
black. Note: HHb signals were fitted with a flipped HRF so that functional brain
activity associated with decreased HHb would lead to positive t values.
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Contrast 2 comparing the collapsed intention tasks (offloading + no
offloading) against the baseline task. Significant effects for contrast 2 were
found in channel 2, 8 and 13 (see Figure 4.9 below). More specifically, in
channel 2 and 13 (over the lateral PFC) we observed increased activation for
HHb for remembering an intention. In channel 8 (over the medial PFC), we
found a negative activation for HBO2.

Figure 4.9) Contrast 2 activation maps: compared the intention conditions (collapsing
offloading + no offloading) to the baseline condition. Activation maps are based on t
values for HBO2 and HHb are shown left and right, respectively, for sitting (top row)
and laying posture (bottom row). Channels significant in both posture are in white,
while channels significant only in one posture are circled in black. Note: HHb signals
were fitted with a flipped HRF so that functional brain activity associated with
decreased HHb would lead to positive t values.
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Contrast 3 compared both intention tasks (collapsing instructions + task
for offloading + no offloading) to the baseline condition (collapsing instructions
+ task). Channel 14 (over the frontal middle gyrus) was significantly activated
in HHb in the sitting posture, while it was deactivated in HHb in the laying
posture (see Figure 4.10).

Figure 4.10) Contrast 3 activation maps: compared task performance collapsed across
intention conditions (offloading + no offloading) to the baseline condition. Activation
maps are based on t values for HBO2 and HHb are shown left and right, respectively,
for sitting (top row) and laying posture (bottom row). Channels significant in both
posture are in white, while channels significant only in one posture are circled in
black. Note: HHb signals were fitted with a flipped HRF so that functional brain
activity associated with decreased HHb would lead to positive t values.
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4.3.2.2.1) False discovery rate correction
While a number of significant effects were found when considering
uncorrected p values, no significant effects were found with p < 0.05 FDR
corrected, neither for the one-sample t tests nor for the paired sample t tests
exploring posture effects.

4.3.2.3) Exploratory analyses: intercepts
4.3.2.3.1) Significance in both signals
A significant activation in both signals was found only for channel 10 in
contrast 3 investigating intention conditions versus baseline (instructions +
tasks) [HBO2: F(1, 11) = 5.92, p = .033; HHb: F(1, 11) = 5.08, p = .046].
Two paired t tests were used to explore whether this effect in channel
10 was affected by posture (see Table 4.7). No significant differences in posture
were found neither in HBO2 nor HHb in channel 10 for contrast 3.
Table 4.7) Contrast 3 paired t tests results: Values are provided for t, df, p and BF01, for
both signals (HBO2 and HHb) for contrast 3 in channel 10.

Contrast 3:
intention conditions versus baseline (instructions + tasks)
Signal

t

df

p

BF01

HBO2
HHb

0.358
-0.395

11
11

0.727
0.7

3.292
3.252

4.3.2.3.2) Orthogonal contrasts
For the comparison between contrast 1 (i.e. intention conditions versus
baseline instructions only) and 4 (i.e. offloading versus no offloading

124

instructions only), there was no significant effects in any channel, neither for
HBO2 nor for HHb.
For the comparison between contrast 2 (i.e. intention conditions versus
baseline task only) and 5 (i.e. offloading versus no offloading task only), there
was no significant effects in HBO2. For HHb, one significant activation was
found in channel 13 [contrast 2: F(1, 11) = 9.042, p = .012; contrast 5: F(1, 11)
= 5.486, p = .039].
In order to now explore whether this effect in channel 13 was affected
by posture, four paired t tests were used. No significant differences were found
in neither HBO2 nor HHb for the contrast intention versus no intention nor for
the contrast offloading versus no offloading (see Table 4.8).
Table 4.8) Contrast 2 and 5 paired t tests results: Values are provided for t, df, p and
BF01, for both signals (HBO2 and HHb) and the contrast 2 (on the left) and the contrast
5 (on the right) for channel 13.

Contrast 2:
intention conditions versus
baseline (task only)
t
df
p
BF01
0.26
11
0.80
3.38
1.42
11
0.18
1.55

Signal
HBO2
HHb

Contrast 5:
offloading versus no offloading
(tasks only)
t
df
p
BF01
0.07
11
0.95
3.47
0.02
11
0.98
3.48

4.4) Discussion
As in the previous experiment, the aims of the current study were to replicate
1) the standard PM pattern of lateral increase & medial decrease, and 2) the
offloading-specific findings as reported in the Landsiedel paper. Additionally,
this experiment had the aim to 3) investigate possible posture effects.
Firstly, the lateral-medial PM dissociation consistently reported in
previous neuroimaging was replicated here using fNIRS using various analyses
approaches. Second, we have failed to replicate the findings specific to
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offloading as reported in the original fMRI paper. Third, based on the current
findings, we cannot conclude that these results were affected by posture.
The offloading manipulation had no significant behavioural effect in the
present study, which was also the case in the Landsiedel & Gilbert (2015)
paper.

4.4.1) Lateral-medial dissociation
Uncorrected p values were evaluated in combination with Bayes factors. In the
sitting condition, it was found that when looking at only task periods (contrast
2) and comparing the intention to the baseline task, that activation was
increased in the HHb signal in the right frontal inferior pars triangularis. When
laying down, the same contrast showed an increased activation in HHb in the
right middle frontal gyrus. Moreover, for laying down, the main finding here
concerned the left frontal superior gyrus (BA 10 or channel 10). While the
same contrast (2) showed HBO2 deactivation, collapsing across task and
instruction periods to compare intention to baseline (contrast 3) also found
deactivation in HBO2 in channel 10. Thus, significant deactivation in HBO2 is
associated with the intention conditions when compared to the baseline
(though only found in the laying condition).
Three analyses approaches were employed to correct for multiple
comparisons, two of which yielded some significant findings, while none of the
results survived FDR correction.
When correcting for multiple comparisons by looking for significance in
both signals (HBO2 and HHb), only in the sitting condition, we found the left
superior and middle frontal gyri (channels 12 and 13) to be significantly
deactivated during instruction periods for offloading when compared to no
offloading (contrast 4).
When correcting for multiple comparisons by looking for significance in
both postures, we found significant channels for the first three contrasts, which
are comparisons between intention and baseline (contrast 1: instructions only;
contrast 2: tasks only; contrast 3: instructions + tasks). When comparing
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instructions only (contrast 1), the left inferior frontal pars triangularis gyrus
(channel 16) was significantly activated in HBO2 when being instructed to hold
an intention. When comparing task only (contrast 2), a significant activation
(i.e. decreased HHb signal) was found in the lateral PFC channels (2 and 13)
for remembering an intention. Additionally, deactivation was found in the
HBO2 signal in the medial PFC (channel 8) for remembering an intention.
When comparing both instructions and task between intention and baseline
(contrast 3), significance was found in both postures in the left middle frontal
gyrus (channel 14). However, there was a dissociation in the activation
patterns: while when sitting there was an activation, a deactivation was found
while laying down.
Two exploratory analyses were also employed focusing on the main
effect of each contrast across postures, which was then followed up to assess
the effect of posture. Searching for channels with significant intercepts in both
signals, a significant main effect of contrast 3 was found in the left superior
frontal gyrus (channel 10), which was not affected by posture. Comparing
orthogonal contrasts revealed a significant increase in activation of HHb in left
middle frontal gyrus (channel 13) for the conjunction between contrast 2 (i.e.
intention conditions versus baseline task only) and 5 (i.e. offloading versus no
offloading task only), which was not affected by posture.
In sum, across these five separate analyses approaches, significant
hemodynamic changes in the left frontal superior gyrus (channel 10) and the
left middle frontal gyrus (channel 13) were found. In channel 10, both contrasts
2 and 3 showed deactivation in HBO2 [BF results]. The finding for contrast 3
was corroborated in our intercepts focused analyses [significance in both
signals approach]. In channel 13, greater activation in HHb was found when
participants where sustaining intentions, when compared to the no intention
control condition [significance in both postures approach]. The increased
activation in HHb was similarly found in the intercepts analyses comparing
contrast 2 with contrast 5 [orthogonal contrasts].
Therefore, decreased HBO2 in channel 10 (i.e. left frontal superior gyrus)
and increased activation in HHb in channel 13 (i.e. left middle frontal gyrus)
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were associated with remembering an intention. These findings replicate the
deactivation and activation in medial and lateral prefrontal cortex, respectively,
commonly reported in the PM literature using fNIRS.

4.4.2) Offloading-specific activation patterns
Landsiedel and Gilbert (2015) found that the medial rostral prefrontal cortex
was less deactivated during offloading, while lateral prefrontal cortex showed
sustained activation independent of offloading. Three contrasts focused on
comparisons between offloading and no offloading conditions.
In the current study, deactivation in the medial prefrontal cortex was
only found in the comparison between the instruction periods in the offloading
and non-offloading conditions (contrast 4). Channel 12 and 13, which cover
the left superior and middle frontal gyri were significantly deactivated during
the offloading instructions when compared to the instructions in the no
offloading condition. However, this finding was specific to only one of our
various analyses [namely in the significance in both signals approach].
Moreover, this contrast focused on the instruction periods only. While
participants were instructed about the imminent offloading task, offloading was
not performed until after the instructions and with the start of the trial. It is
difficult to reason why there would be differences between the instructions
phases of offloading and non-offloading conditions.
Additionally, and in contrast, the intercepts analyses [orthogonal
contrasts] comparing contrast 2 with contrast 5 (which refers to the comparison
between offloading and no offloading tasks only) showed increased activation
in HHb in channel 13.
Thus, the current study did not provide clear results regarding offloading
and could not replicate the findings from the original fMRI study.
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4.4.3) Effects of posture
The possible effects of posture were taken under consideration in the current
study for two reasons: 1) we aimed to replicate the findings by Landsiedel &
Gilbert (2015), where participants had to perform the task while laying down in
the scanner, and 2) because previous evidence suggests that posture affects
physiology and therefore influences brain function and behavior (Thibault &
Raz, 2016).
In order to account for posture, the current study was conducted
systematically comparing task performance while sitting versus laying down.
However, it should be noted, that because a large number of participants had
to be excluded from the final sample, posture was no longer perfectly
counterbalanced between subjects.
Across various analyses approaches, only the approach considering
significance in both signals to correct for multiple comparisons showed a
significant deactivation in the right superior orbital frontal gyrus (channel 6)
between postures. In light of the small sample size and limited findings, we
therefore cannot conclude that posture had an effect in the current study.
Nonetheless, further research should certainly address possible posture effects
more thoroughly than was possible in the scope of the current data set.

4.4.4) Limitations
Methodologically, the current replication study had various limitations. The
main limitation of the current study was that while data was collected for a
large sample (N=25), the very stringent approach when evaluating the raw data
and during pre-processing resulted in a large proportion of participants to be
excluded from the final analyses. While we believe this stringent approach is
necessary to assure the quality of the data, in future studies it is advised to
acquire data for an even larger sample. This would accommodate for this
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approach while simultaneously ensuring greater statistical power in the final
sample.
In particular, the results regarding posture and regarding the offloadingspecific brain patterns were limited. Even though posture was included as a
factor in the current study, counterbalancing the order of sitting and laying was
lost in the final sample. Moreover, it may be argued that posture is not the only
factor to be considered when attempting to replicate fMRI findings. Other
differences in the environmental setup between fMRI and fNIRS remain, such
as the loud noise of a scanner versus completing a task in a soundproof room,
which might influence the data and should be considered in future study
designs.

4.4.5) Comparison to Experiment in Chapter 3
Even though data was collected for a larger sample (N=25) when compared to
the experiment in Chapter 3 (N=16), a much greater proportion of data had to
be excluded from the final analyses in the current study resulting in a smaller
final sample size (N=13) than in the final sample in the Chapter 3 experiment
(N=15), additionally having to exclude more channels. Future studies should
therefore consider an alternative approach for data collection. It might be more
feasible to recruit participants for a simple, established task (e.g. finger tapping
task) to first look at their signals, to assure the quality of fNIRS data, before
inviting them back to participate in a cognitive task of interest.
In the fMRI study, responses were recorded using a trackball. In the
study in Chapter 3, where a touchscreen was employed instead, it was found
that participants performed the tasks faster than with a trackball. In the current
study, in order to recreate the fMRI procedure more dependable, the trackball
was employed. Even though participants performed each condition equally fast
across postures, with mean trial times 21.5 s for baseline, 34.5 s for offloading
and 26 s for no offloading, they were still faster than in the fMRI study (mean
trial times: 30 s, 44 s, and 33 s for the baseline, offloading and no offloading
conditions, respectively). However, combining the number of trials across
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posture (sitting + laying), participants completed on average 10 baseline trials,
9 offloading and 9 no offloading trials, which is similar to the performance in
the fMRI study (baseline: 15.7, offloading: 8, and no offloading: 8). The
consistency in how responses where acquired between fMRI and the current
study might have provided a benefit over the experiment in Chapter 3.
As a result of accounting for posture, the current experimental design
provided much more reliable findings. Including the factor posture not only
allowed evaluating the data additionally in terms of significance in both
postures, but also enabled two novel exploratory analyses approaches
collapsing across postures and assessing intercepts [significance in both signals
approach; orthogonal contrasts approach].
Lastly, related to the issue of posture, is the fact that the fNIRS signals
are especially corrupted physiological noise. The current understanding of the
fNIRS signals is that some components measured through fNIRS are the result
of systemic changes (Kirilina et al., 2013; Tachtsidis et al., 2010, 2008), which
are not directly related to brain activity (for a review see Scholkmann et al.,
2014). While this noise can be addressed in careful statistical (Tak & Ye, 2014)
(and has been in the current study), using sensors to acquire additional
systemic data, such has heart rate, breathing rate and blood pressure, provide
alternative measures that can then be used to explore the data in terms of
systemic influences, and could be also used as regressors in the statistical
analyses. Thus, using additional sensors might provide a useful supplement in
future studies.

4.4.6) In conclusion
Cognitive neuroimaging has greatly advanced our understanding of the neural
correlates underlying cognition, however the evidence should be considered
within the context of the scanning environment. fMRI, for example, restrict
participants to laying alone in a loud scanner, not able to move or speak
completing a task on a computer screen. Moreover, a further consideration is
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that fMRI is very costly. It is not surprising that alternative neuroimaging
methods are being evaluated, that are not only less expensive, but more
importantly are less constraining on the one hand regarding the types of task
that can be employed, and on the other hand regarding the testing environment
itself.
Wireless fNIRS is a method that allows measuring neural activity, while
simultaneously allowing natural behaviours of the participants. fNIRS as an
alternative to fMRI it is particularly interesting as it provides signals (HBO2 and
HHb) that are most similar to fMRI. In order to build on previous fMRI findings,
it is important to first replicate these results with fNIRS.
The current study provides the first demonstration of increased lateral
and decreased medial prefrontal cortex activation pattern using fNIRS,
therefore replicating this dissociation that has been widely reported in the fMRI
research on PM. Thus, fNIRS is sensitive enough to detect significant
hemodynamic change associated with performance of a PM task, suggesting
that fNIRS has the potential to be used as a method for future studies on PM.
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Chapter 5: Exploring the Network of Valuable
Intentions
5.1) Introduction

PM research to date is necessarily abstract and simplified in order to investigate
intentions in the laboratory (e.g. using letter symbols to represent cues for
intended behaviours). However, in everyday life, intentions are far more
complex (e.g. meeting a friend), and two crucial aspects of PM in particular
have to date been relatively unexplored.
First, an intention never stands alone. An intention is embedded within
all our other intentions. Humans have intentions in regards to their lifestyle
(e.g. exercising), their career, work-life balance, but also we form intentions for
the future through prospections on where we see ourselves, just as we form
intentions of how to spend the next minutes, hours, days, weeks and so on. We
set ourselves goals, we make plans and envisage our development. We
construct for ourselves a complex network of intentions, where any one
intention is immersed within this multi-faceted network. So then, it seems quite
likely that intentions are interlinked and that we should not only consider them
isolated but in relation to each other.
Second, an intention has value. If an intention did not have value to the
individual, there would be no reason for forming the intention in the first place.
In this regard, intentions that have greater value to an individual, whether it is
of greater importance, more desired or profitable, should be more likely to be
actualise, which necessitates remembering the intention (i.e. successful PM).
However, the most important things we intend to do, we often forget, which
can have drastic implications (e.g. forgetting to take medication at a specific
time). But what are the factors influencing how valuable an intention is? Value
has been widely explored in the learning and decision-making literature,
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however the value of intentions has received little attention thus far.
Nonetheless, it seems promising for gaining a deeper understanding of the
factors implicated in how we form and realize intentions.
The aim of the current study was to investigate how intentions relate to
one another in the complex network of intentions, and how value of these
intentions influences these relations as well as their likelihood of being realized
(within the limitations of lab-based paradigms). It is not a novel notion that “the
level of importance that is attributed to a delayed intention is probably derived
from the links between that intention and other intentions, and more general
goals, aims, desires and so on.” (Kvavilashvili & Ellis, 1996, p. 33). Moreover,
“in daily life, the different importance of our multiple intentions allow us to
prioritize and as a consequence to flexibly select our future goals.” (Walter &
Meier, 2014, p. 8). Here, in two experiments, the influence of value or reward
on multiple interacting intentions will be investigated.

5.2) Experiment 1
5.2.1) Introduction
5.2.1.1) Multiple Intentions & Prioritizing
Very few studies have investigated the effects of having multiple PM targets cooccurring. For example, Einstein et al. (2005) compared one- to six-target
events (using word stimuli, i.e. one or six words), and found that the number of
targets affected how participants approached the task. While significant costs
on the accuracy and speed of ongoing task performance were found in the sixtarget condition, no costs were found in the one-target condition. The authors
propose that while in the one-target condition participants could rely on
spontaneous retrieval processes, in the six-target condition monitoring for the
PM targets was necessary. However, varying the number of PM targets could
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be seen as a manipulation of the complexity of a single intention, even though
they are realized consecutively throughout the ongoing task (i.e. the intention
to complete this PM task involving various targets). Thus, while studies using
multiple PM targets may be interpreted as modulating intrinsic complexity of
intention content (e.g. an intention consisting of one to six elements), these
studies do not consider various differing intentions in relation to each other.
One study has investigated task interference of a dual intention task (i.e.
participants had to realize two intentions) on the ongoing task. It was found
that possessing two intentions does not exert the same costs as each would
individually, thus they are sub-additive (Hicks, Marsh, & Cook, 2005). The
authors conclude there appears to be a central cost of holding any intention,
which may be reflected by initial allocation of attention at the outset. This has
been described as cost of concurrence found in any dual-task situation
(Norman & Bobrow, 1975). Another study showed that the larger the number
of PM cues (comparing 1-6 cues), the greater the ongoing task costs (Cohen,
Jaudas, & Gollwitzer, 2008). More specifically, from 3 simultaneous cues
upwards, participants performed significantly worse on the lexical decision task
(ongoing task), which the authors ascribe to the increased demands on
attention and keeping PM targets in working memory.
We often find ourselves in situations where we have to prioritize one
intention over another in order to realize any one intention, so it seems crucial
to find an understanding of how intentions relate to each other and how we
prioritize our intentions. One study has investigated individual differences in
remembering intentions in everyday plans (Marsh et al., 1998). It was found
that while participants completed prearranged commitments (e.g. a dentist
appointment) and intentions to study (e.g. homework), they were less
successful for intentions involving communications (e.g. writing, telephoning),
intentions to commit (e.g. calling to make an appointment) and intentions to be
completed (e.g. borrowing or returning something to a friend). Interestingly,
they found that participants did not forget their plans, but instead consciously
reprioritized intentions in relation to current demands and other opportunities
and obligations. Thus, this study highlights how on the one hand our everyday
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life intentions are embedded with all our other intentions, and on the other
hand that reprioritization rather than forgetting plays an important role in
whether we fulfil an intention or not.
In order to investigate prioritization, the present study investigated
intentions in the context of other intentions (within the constraints of a labbased paradigm), by presenting two intentions simultaneously to encode,
remember and execute after a delay during an engaging ongoing task.

5.2.1.2) Modulating the Value of Intentions
The value of an intention can take many forms. One of the most prominent
features of an intention is that it is intrinsically self-related and has personal
value. Of course, intentions can also be related to others (i.e. social intentions),
but one could argue even social intentions are still one’s own just involving
others. Every individual is unique in personality, behaviour and thinking,
which will shape what intentions that person forms. Values, desires, goals and
their predicted consequences affect whether an intention is important or not,
and is therefore based on subjective valueing (Baars & Mattson, 1981;
Kvavilashvili & Ellis, 1996).
Importance can be induced by either emphasizing the PM task relative
to the ongoing task, or rewarding successful PM performance (for more detail
see Walter & Meier, 2014). Relative importance of a task is commonly
modulated by varying the task instructions (i.e. instructing the participants to
prioritize the PM or ongoing task), also referred as dual-task-prioritizing
(Burgess, Veitch, de Lacy Costello, & Shallice, 2000). It has been shown that
PM performance can be improved when increasing PM task importance
(Einstein et al., 2005; Kliegel, Martin, McDaniel, & Einstein, 2001; Smith &
Bayen, 2004; Smith & Hunt, 2014). Moreover, the evidence suggests that the
influence of perceived task importance appears to be related to the strategies
applied in the task. Participants can prioritize PM performance over ongoing
performance (i.e. participants can modulate their strategies according to task
importance) (Rummel & Meiser, 2013). However, it should be noted that
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manipulating overall task importance is a comparison between PM and
ongoing task, but it cannot provide insights about the importance of an
individual intention in comparison to other intentions.
In some naturalistic studies, rewards have been employed to vary PM
importance. Meacham & Singer (1977) rewarded their participants with money
if they returned a letter on time, with an additional chance of winning in a
lottery if the letter was sent back. It was found that PM performance increased
through the promise of reward (see Jeong & Cranney, 2009).
In the laboratory, importance in PM has been modulated using
monetary rewards for successful PM performance in a shopping task version
(Shapiro & Krishnan, 1999). Participants in the PM condition received one
dollar when they remembered the intention. PM performance was increased
when a reward was promised, and moreover, participants in the reward
condition reported that they tried harder to remember the PM target than
control participants.
However, in the PM literature, PM performance overall is usually
rewarded, but differential rewards for different intentions, or in other words
reward for each individual target, is rarely investigated. Cook, Rummel, &
Dummel (2015) were the first to reward PM performance for individual
intentions, though the authors purposefully only instructed their participants
that they would receive monetary compensation overall contingent on their
performance for each of the PM cues and that they could make up to €4
(additional to €5 basic payment for participation). Unbeknown to the
participant each of the 12 PM cues was worth 30 cents. The authors
intentionally wanted the participants to not be able to count the number of
cues, as well as make sure they would know that each cue would count
towards their final payment (Dummel, 2017, personal communication). It was
found that monetary reward associated with fulfilling event-based intentions
lead to increased performance.
To date, no study has investigated varying value of individual intentions.
This would allow investigating how value affects encoding of intentions and
more specifically whether varying value modulates performance. It is assumed
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that prospective remembering can be selectively improved for high when
compared with low valued intentions.

5.2.1.3) Current Objectives
The aim of the current study was to investigate how PM performance varies as
a function of the value attached to two simultaneous PM targets. This is the first
study to investigate how monetary reward affects PM performance of two
intentions with either high (10 pence reward) or low (1 pence reward) value.
Better PM performance was predicted for targets with high value (10p) versus
targets with low value (1p), and that PM performance would be highest the
condition with two high valued PM targets (HH condition), when compared to
conditions with PM targets with differing values (i.e. one high value target and
one low value target; HL and LH condition), as well as the value condition
with two low value PM targets (LL condition). The interaction between two
intentions is investigated in regards to their value relation to each other
(namely HH, HL, LH, LL).

5.2.2) Method
5.2.2.1) Participants
Sixteen participants took part in this experiment (10 female, mean age 24.5
years, ranging from 19-30 years). No participant had to be excluded from
analysis. All participants had normal or corrected-to-normal vision and
remained naïve to the purpose of the study. All participants provided written
informed consent before taking part and were paid for participation. The local
ethics committee approved the experiment.
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5.1.2.2) Apparatus
The experiment was conducted on an Apple MacBook Pro with a 15-inch
monitor. MATLAB (r2014a; MathWorks Company) and Psychtoolbox (v3) were
used to run the experiment and record behavioural responses.
The response keys ‘S’ (‘same’), ‘D’ (‘different’) and ‘F’ (‘memorized’)
were used. Responses were made with the index and middle finger of the right
hand (resting on the ‘S’ and ‘D’ key respectively), with the index finger having
to move to the F key for a ‘memorized’ response.
The open source software JASP (version 0.8.4, Mac OS X) was used for
behavioural analyses.

5.2.2.3) Behavioural Task & Procedure
The task involved intentions repeatedly being formed, maintained and realized
while participants performed an unrelated ongoing task. The ongoing task
consisted of a one-back task, which required participants to decide whether a
stimulus was identical to the item presented on the previous trial (i.e. same
letter and colour), by pressing the “S” for same or “D” key for different
stimulus.
Prior to the onset of each block, two different coloured PM target letters
were presented with their respective values below (either 1p or 10p, with high
value in larger font than lower value) and participants were given the
opportunity to memorize them (for 5 seconds) (see Figure 5.1). The assignment
of first (T1) and second (T2) target to the left versus right side of the screen was
randomly selected on each trial; thus, the horizontal position of the targets was
not indicative of which would appear first.
During each block, participants fixated on the centre while being
engaged in the ongoing task. When one of the target stimuli appeared, they
were instructed to press a third, different key (“F” key) in order to receive a
bonus payment. After each block, the participant received feedback on their
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performance. Initially, they were instructed that they would only earn extra
money for PM targets if their ongoing performance was above 85% correct. At
the end of each block, feedback was given on ongoing performance in the
current block as well as how much they earned or could have earned (when
they spotted the PM target/s but ongoing performance was below 85%).
The participant was instructed about the ongoing task and completed a
brief practice of the 1-back task by itself. The participants were then instructed
about the PM task and completed a brief practice of the ongoing task including
PM targets.

5.2.2.4) Design & Stimuli
A within-subjects design was employed, with responses to each target analysed
in terms of the three within-subject factors: position (T1 versus T2, i.e. first or
second target), relevant value (H or L) and irrelevant value (H or L) (further
details in PM Analyses section below). Behavioural data therefore consisted of
performance for each target (T1 and T2) in each of the four value conditions
(HH, HL, LH, LL), since always two targets were encoded simultaneously (see
Figure 5.1). For example, “HL” refers to the condition where the high-valued
target appeared before the low-valued target, and vice versa for “LH”.
However, in the HL and LH condition participants were unable to predict
which target would come first.
The stimuli consisted of capital letters (24 letters of the alphabet
excluding the letters V and Q) in four possible colours (green, blue, orange and
purple).
The complete task consisted of four blocks, with 12 miniblocks each
consisting of encoding of two targets followed by the ongoing task, with the
two targets embedded within. During encoding, two PM targets (T1 and T2)
were presented for 5 seconds, one the left and one on the right of the screen
(randomized) with their respective values below. This was followed by 14
ongoing trials. On each trial, one coloured letter was presented. At the earliest
after the third trial, but otherwise at randomised positions throughout the
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miniblock, the two targets were presented, with at least one ongoing trial
between them.
PM targets were randomly paired for the 12 miniblocks per block. Each
of the 96 stimuli was only used once as a target, but could appear as nontargets in any of the other three blocks. The value conditions were randomly
assigned to each pair, pairing all possible combinations of high and low value
for the first and second target (i.e. HH, HL, LH, and LL). The order of these
conditions was randomized, with three of each condition per miniblock.
Stimuli that were not part of a PM target pair were used as stimuli for ongoing
trials for that block.

141

Figure 5.1) Task design. The four encoding screens differentiating HH, HL, LH and LL
condition are shown (top row). A miniblock of the HH condition is illustrated in more
detail, depicting same versus different ongoing trials as well as the two PM target trials.
At the end of the miniblock, the participants were provided feedback about their
ongoing performance (in %) and PM performance (in £).
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5.2.3) Results
5.2.3.1) Ongoing Analyses
For performance of the ongoing 1-back task, separate analyses of accuracy and
response times (RTs) data were conducted using 2x2 repeated-measures
ANOVAs, with factors T1 value (H, L) and T2 value (H, L) (i.e. four possible
value conditions: HH, HL, LH, and LL). These analyses indicate whether 1back responses to non-target stimuli (including all non-target trials) differ
between the four value conditions.

5.2.3.2) Ongoing Performance: Accuracy
The main effect of T1 value on accuracy for the ongoing 1-back task was
significant [F(1, 15) = 5.19; p = .04, partial η2 = .26]. However, the main effect
of T2 value [F(1, 15) = 0.073; p = .790, partial η2 = .005] and the interaction
[F(1, 15) = .650; p = .433, partial η2 = .042] were insignificant (Figure 5.2).
Thus, participants were more accurate in the ongoing 1-back task when a highvalue rather than a low-value target was available [t(15) = 2.278, p < .05]. The
insignificant interaction indicates that the effect of T1 value was not influenced
by concurrent T2 value.
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Figure 5.2) Average ongoing accuracy performance: (in % correct) in each condition
(HH, HL, LH and LL) is shown. Error bars indicate SE.

5.2.3.3) Ongoing Performance: RTs
A highly significant main effect of T2 value on RTs for the ongoing 1-back task
was found [F(1, 15) = 33.2; p < .001, partial η2 = .69], but neither the effect of
T1 value [F(1, 15) = 1.668; p = .216, partial η2 = .1] nor the interaction were
significant [F(1, 15) = 0.022; p =.883, partial η2 = .001]. Thus, participants
slowed down when a high-value target was available at T2 [t(15) = 5.762, p <
.001]. This indicates that the slowing associated with a high-value target was
specific to when it was at T2 (i.e. it was still pending).
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Figure 5.3) Average ongoing RTs: (in s) in each condition (HH, HL, LH and LL) are
shown. Error bars indicate SE. *p < .05.

Paired samples t-tests showed that ongoing RTs in the HH condition were
significantly slower than when compared to the HL [t (15) = 3.5, p = .003, d =
.88] and to the LL condition [t (15) = 2.45, p = .03, d = .61], but not when
compared to the LH condition [t (15) = 1.28, p = .22, d = 32] (Figure 5.3).
Moreover, the LH condition was also significantly different to the LL condition
[t (15) = 2.55, p = .02, d = .64]. The HL condition did not differ significantly,
neither from the LH condition [t (15) = -.49, p = .632, d = -.12] nor the LL
condition [t (15) = 1.05, p = .31, d = .26].

5.2.3.4) PM Analyses
ValueEffect Analysis
ValueEffect variables were created for accuracy and RTs, separately, and
analysed using one-sample t tests to investigate the effect of value. The
ValueEffect variables consist of the difference between performance for all high
value targets and performance for all low value targets.
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5.2.3.4.1) Repeated Measures
Since in any one miniblock, participants were always presented with a pair of
targets (T1 and T2), with their respective values (H or L), the relation between
these pairs results in four value conditions (HH, HL, LH, LL). Here, the first
letter refers to the value of the first target, while the second letter refers to the
value of the second target. For example, in the HL condition, the first target
(T1) was high value (H), while the second target (T2) was low-valued.
In the repeated measures, responses were dissociated into whether the
value of the first and second target (i.e. position) was relevant or irrelevant in
that miniblock (see Table 5.1 below). For example, in the LH condition,
performance for the first target (position = 1), which was low valued, is
considered as relevant (relevant value = L), while the second, irrelevant target
here is high-valued (irrelevant value = H). Looking at performance for the
second target (position = 2) in the same LH condition, would result in the
relevant value being high (relevant value = H), while the first target (position =
1) had the irrelevant value which is low (irrelevant value = L).
Table 5.1) Experimental Design: Eight possible target responses according to value
condition, position, relevant value and irrelevant value, used in the 2x2x2 withinsubjects repeated measures ANOVAs.

Value
Condition
HH
HL
LH
LL
HH
HL
LH
LL

Position
(T1 or T2)
1
1
1
1
2
2
2
2

relevant value
(H or L)
H
H
L
L
H
L
H
L
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irrelevant value
(H or L)
H
L
H
L
H
H
L
L

Thus, responses to targets were dissociated according to
•

position (T1 or T2),

•

relevant value (H or L),

•

and irrelevant value (H or L).

These eight possible target response categories were analysed in 2 x 2 x 2
within-subjects repeated-measures ANOVAs, with within subject factors
position (T1 or T2), relevant value (H or L), and irrelevant value (H or L),
independently for accuracy and RTs.
The rationale behind coding value terms of relevant value and irrelevant
value variables instead of coding value in terms of T1value and T2value is that
it simplifies the interpretation of results. For example, if participants always
respond with 100% accuracy on high-valued targets and 50% accuracy on
low-value targets, an analysis focused on T1value and T2value would result in
a position * T1value * T2value interaction. For the same pattern of results, the
proposed analyses here coding value in terms of relevant and irrelevant value
would instead simply produce a main effect of relevant value.
For repeated measures, the data will first be evaluated using the analysis
of effects, followed by Bayesian model comparison. In the model comparison
analyses, the equivalent Bayesian analyses for a 2x2x2 repeated measures
design (with position, relevant value and irrelevant value as factors) are
described in detail in Table 5.2. This analysis will allow a model comparison of
18 models against the null model, where the null model refers to the model
that does not include any effect of position, relevant value or irrelevant value.
For a comparison of 18 models various models might provide extreme
evidence when compared against the null. In order to evaluate whether the
evidence is comparable across different models, the next step is to compare all
models to the best model.
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5.2.3.4.2) Follow-up Analyses
These analyses were followed up with separate analyses of responses to the
first (T1) and second (T2) target, each including two factors of T1value and
T2value. To further investigate these effects, post-hoc paired sample t-tests
were conducted, comparing T1 versus T2 accuracy within each value
condition (HH, HL, LH, LL), as well as separate analyses of T1 and T2
accuracies to investigate differences between the value conditions.
For follow-up analyses, the equivalent Bayesian analyses results in 5
models: 1) null model, 2) the model with the main effect of T1value, 3) the
model with the main effect of T2value, 4) the model with both main effects
(T1value and T2value), and 5) the model with the main effect of T1value and
T2value and the interaction between the two.
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18

No
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
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Bayesian Models
Null model (incl. subject)
Position
relValue
Position + relValue
Position + relValue + Position*relValue
irrelValue
Position + irrelValue
relValue + irrelValue
Position + relValue + irrelValue
Position + relValue + Position*relValue + irrelValue
Position + irrelValue + Position*irrelValue
Position + relValue + irrelValue + Position*irrelValue
Position + relValue + Position*relValue + irrelValue + Position*irrelValue
relValue + irrelValue + relValue*irrelValue
Position + relValue + irrelValue + relValue*irrelValue
Position + relValue + Position*relValue + irrelValue + relValue*irrelValue
Position + relValue + irrelValue + Position*irrelValue + relValue*irrelValue
Position + relValue + Position*relValue + irrelValue + Position*irrelValue + relValue*irrelValue
Position + relValue + Position*relValue + irrelValue + Position*irrelValue + relValue*irrelValue +
Position*relValue*irrelValue

* denotes an interaction.

in Bayesian analyses results in 18 different models to be compared to the null model. Note: relValue = relevant Value; irrelValue = irrelevant Value;

Table 5.2) Bayesian models: equivalent to the 2x2x2 repeated measures ANOVA, with factors position, relevant value and irrelevant value, which

5.2.3.5) PM Performance: Accuracy
5.2.3.5.1) ValueEffect Analysis
The effect of value was significant [t(15) = 2.67, p = .018, d = .66, BF10 = 3.43].

5.2.3.5.2) Repeated Measures
There was a significant main effect of relevant value [F(1, 15) = 7.1, p < .05,
partial η2 = .32], however the main effect of position [F(1, 15) = .57; p = .46,
partial η2 = .04] and of irrelevant value [F(1, 15) = 2.87; p = .11, partial η2 =
.16] were insignificant. There was also a significant three-way interaction
between position, relevant and irrelevant value [F(1, 15) = 10.37; p = .006,
partial η2 = .41], indicating that relevant and irrelevant value affected accuracy
in a position-specific manner. Post hoc comparison showed a highly significant
difference for relevant value [t(15) = 2.67, p = .018] (see Figure 5.4), but no
significant difference for position [t(15) = .75, p = .46] nor irrelevant value
[t(15) = -1.7, p = .11].
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Figure 5.4) Average PM performance: accuracy performance (in % correct) and RTs (in
s) for T1 and T2 for each condition (HH, HL, LH, LL). Significant differences between
T1 and T2 and significant differences in accuracy for T1 and for T2 are shown. Error
bars represent within-subject SE. *p < .05; **p < .01.
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In the Bayesian analyses, the analysis of effects revealed extreme evidence for
the effect of relevant value only [BFincl = 109026.7], when compared to the
effects of the other factors and interactions [BFincl < 1].
In the comparison of all models against the null, the best model
predicting the behavioural effects were the model including only relevant value
[BF10 = 259344.6], though followed by various models including various
combinations of relevant value, irrelevant value and position (see Table 5.3).
Notable, the model including position or irrelevant model alone did not
provide strong evidence against the null model, only in models including
relevant value, or their interactions. Comparing all models to the best model
(i.e. relevant value), that even the second best model (i.e. relevant + irrelevant
value) is already three times worse than the best model [BF01 = 2.7] (see Table
5.3).
Thus, the Bayesian analyses are in agreement with the frequentist
finding regarding the significant main effect of relevant value, but did not
provide strong evidence regarding the interaction.

Table 5.3) Model Comparison: Bayes Factors are provided for the model comparison
against the null model as well as the model comparison against the best model. The
table is sorted by best models against the null model (in ascending order), i.e. the best
model was the model including only relevant value. The Bayes Factor for the
alternative is reported in the comparison against the null model (BF10), while the Bayes
factor for the best model (which becomes the “null” model) is reported in the
comparison against the best model (BF01). Note: relValue = relevant Value; irrelValue
= irrelevant Value; * denotes an interaction.

[Table 5.3 can be found on the next page]
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Model
relValue
relValue + irrelValue
Position + relValue
relValue + irrelValue + relValue*irrelValue
Position + relValue + irrelValue
Position + relValue + Position*relValue
Position + relValue + irrelValue + Position*irrelValue
Position + relValue + Position*relValue + irrelValue
Position + relValue + irrelValue + relValue*irrelValue
Position + relValue + irrelValue + Position*irrelValue + relValue*irrelValue
Position + relValue + Position*relValue + irrelValue + Position*irrelValue
Position + relValue + Position*relValue + irrelValue + relValue*irrelValue
Position + relValue + Position*relValue + irrelValue + Position*irrelValue + relValue*irrelValue +
Position*relValue*irrelValue
Position + relValue + Position*relValue + irrelValue + Position*irrelValue + relValue *irrelValue
Null model (incl. subject)
irrelValue
Position
Position + irrelValue
Position + irrelValue + Position*irrelValue

Model Comparison:

BF 01
1
2.7
5.1
9.7
12.6
18.7
42.5
46.7
48.4
138.5
151.6
187.5
458.4
517.5
259344.615
803517.893
1.280E+6
3.912E+6
1.257E+7

565.8
501.2
1
0.3
0.2
0.1
0.0

to best model

to null
model
BF 10
259344.6
97623.0
51044.0
26726.9
20571.2
13833.8
6106.0
5554.6
5362.4
1872.0
1710.8
1383.1

For T1 accuracy, there was a significant effect of T1value [F(1, 15) =
5.39; p = .04, partial η2 = 26], a highly significant effect of T2value [F(1, 15) =
10.99; p = .005, partial η2 = .42], as well as a significant interaction between
T1value and T2value [F(1, 15) = 7.21; p = 0.02, partial η2 = .33].
In Bayesian statistics, analyses of effects revealed strong evidence for the
effect of T1value only [BFincl = 53], when compared to T2value [BFincl = .5] and
their interaction [BFincl = .7]. In the model comparison, the data was best
predicted by the model including T1value only when compared to the null
model [BF10 = 50.3], which was twice as good as the second best model which
included both T1value and T2value [comparison to best model: BF01 = 1.9].
Thus, the Bayesian analyses are in agreement with the frequentist
finding regarding the significant main effect T1value, but did not support the
significant findings regarding T2value and their interaction.
For T2 accuracy, only the main effect of T2value was significant [F(1,
15) = 9.20; p = .01, partial η2 = 38]. The main effect of T1value [F(1, 15) = .14;
p = .71, partial η2 = .01] and the interaction between T1value * T2value [F(1,
15) = 2.19; p = .16, partial η2 = .13] were not significant.
In the Bayesian analysis of effects, extreme evidence for the effect of T2value
was found [BFincl = 168.7], while there was no evidence for the effects of
T1value [BFincl = .3] and their interaction [BFincl = .4].
The Bayesian model including only T2value best predicted the data
[BF10 = 231.7]. In the comparison against the null, this was followed by the
model including T1value and T2value [BF10 = 60.5], but the comparison
against the best model showed that this second best model was four times
worse than the best model [comparison to best model: BF01 = 3.8].
Thus, the Bayesian analyses supports the frequentist finding of a
significant main effect of T2value.
Therefore, T2 target accuracy was affected by T2 value but not by the
value of the prior T1 target. By contrast, T1 accuracy was affected both by its
associated value, and also by the value attached to the pending T2 target.
Inspection of Figure 5.5 suggests that this is caused by reduced accuracy to the
first low-valued target in the LH condition compared with the first low-valued
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target in the LL condition. In other words, accuracy to a low-valued target is
reduced when there is a pending high-valued target, compared with the
condition in which the pending target is also low valued.

Figure 5.5) PM accuracy compared with LL baseline: (in % correct) for T1 and T2 in
each condition to the LL baseline condition are shown. Error bars indicate SE of the
difference score.

5.2.3.5.3) Follow-up Analyses
Significant differences between T1 and T2 were found in all conditions but the
HH condition between T1 (M = 90.8, SD = 6.8) and T2 (M = 86.6, SD = 17.5)
[t(15) = 1.1, p = .29, d = 27; BF10 = .43]. Performance in the HL condition was
significantly better for T1 (M = 90.1, SD = 10.2) when compared to T2 (M =
72.4, SD = 32) [t(15) = 2.14, p = .05, d = .53; BF10 = 6.6], while in the LH
condition, performance was better for T2 (M = 91.7, SD = 8.1) when compared
to T1 (M = 66.2, SD = 35.8) [t(15) = -3.06, p < .01, d = -.76; BF10 = 6.6]. In the
LL condition, T1 performance (M = 79.17, SD = 30.277) was significantly
higher than T2 performance (M = 70.14, SD = 31.007) [t(15) = 2.78, p = .01, d
= .67; BF10 = 4.2].
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Paired samples t-tests on T1 accuracy showed that performance in the
LH condition (M = 66.15, SD = 35.81) was significantly lower than in the HH
condition (M = 90.8, SD = 6.78) [t (1, 15) = -3, p < .01, d = .75; BF10 = 6], than
in the HL condition (M = 90.10, SD = 10.19) [t (1, 15) = -2.69, p = .02, d =
.67; BF10 = 3.6] and than in the LL condition (M = 79.17, SD = 30.28) [t (1, 15)
= -3.65, p = .002, d = -.91; BF10 = 18.3].
Paired samples t-tests on T2, revealed that performance in the HH
condition (M = 86.63, SD = 17.56) was significantly better when compared to
the HL condition (M = 72.4, SD = 32.02) [t (1, 15) = 2.47, p = .03, d = 62; BF10
= 2.5] and also when compared to the LL condition (M = 70.14, SD = 31.01) [t
(1, 15) = 2.62, p = .02, d = .65; BF10 = 3.1], but was not significantly different
from the LH condition (M = 91.67, SD = 8.05) [t (1, 15) = -1.03, p = .32, d = .26; BF10 = 0.4]. Moreover, performance in the LH condition (M = 91.67, SD =
8.05) was better than in the HL condition (M = 72.4, SD = 32.02) [t (1, 15) =
2.56, p = .02, d = .64; BF10 = 2.9], as well as the LL condition (M = 70.14, SD
= 31.01) [t (1, 15) = 3.09, p = .01, d = .77; BF10 = 7].

5.2.3.6) PM Performance: RTs
5.2.3.6.1) ValueEffect Analysis
The effect of value was not significant [t(13) = -.88, p = .4, d = -.23, BF01 =
2.7].

5.2.3.6.2) Repeated Measures
There was only a significant main effect of position [F(1, 13) = 6, p = .03,
partial η2 = .32], i.e. participants were slower for T1 than T2 target responses
[t(15) = 2.448, p < .05]. The main effects for relevant value [F(1, 13) = 0.75; p
= .40, partial η2 = .05] and irrelevant value [F(1, 13) = 3.4, p = 0.09, partial η2
= .21] were insignificant. There were also no significant interactions (see Figure
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5.4 above). In Bayesian analyses, the analysis of effects showed no evidence
neither for any of the effects nor the interaction [BFincl < 1.5]. In the model
comparison, none of the models provided strong evidence against the null
model [BF10 < 5]. Thus, the Bayesian analyses did not support the finding of a
significant main effect of position as found in frequentist analysis.
For T1 RTs, there was no significant main effects of T1value [F(1, 13) =
0.65, p = .43, partial η2 = .05], nor for T2value [F(1, 13) = 2.82, p = .12, partial
η2 = .18], and the interaction was also insignificant [F(1, 13) = 1.12, p= .31,
partial η2 = .08]. Bayesian effects analysis did not show strong evidence for any
effect or interaction [BFincl < 1]. In the model comparison, none of the models
provided strong evidence against the null model [BF10 < 1].
For T2 RTs, the analyses showed a main effect of T1value [F(1, 15) =
6.08, p = .03, partial η2 = .29], but the main effect of T2value [F(1, 15) = 0.03,
p = .87, partial η2 = .01] and the interaction [F(1, 15) = .48, p = .5, partial η2 =
.03] were insignificant. Thus, T2 hits following high-value T1 were slower than
T2 hits following low-value T1. Bayesian effects analysis did not show strong
evidence for any effect or interaction [BFincl < 2]. In the model comparison,
none of the models provided strong evidence against the null model [BF10 <
3]. Thus, frequentist and Bayesian analyses did not agree on the main effect of
T1value in the analyses of T2 RTs.

5.2.3.6.3) Follow-up Analyses
Paired sample t tests showed that in the HH condition there was a significant
difference in RTs between T1 (M = 1.073, SD = 0.312) and T2 (M = .983, SD =
.278) [t(15) = 2.28, p = .04, d = .57; BF10 = 1.9]. Participants were faster for T2
than T1 target when both targets had high value.
In the LH condition, participants were significantly faster for the highvalue T2 target (M = 1.214, SD = 0.579) when compared to the low-value T1
target (M = .896, SD = 0.215) [t(13) = 2.12, p = .054, d = .57; BF10 = 1.5].
T1 and T2 RTs did not differ significantly in the HL condition [T1: M =
1.006, SD = 0.234; T2: M = 1.026, SD = 0.434; t(15) = -0.2, p = .84, d = -.05;
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BF10 = .26], nor in the LL condition [T1: M = .944, SD = 0.345; T2: M = .871,
SD = 0.341; t(15) = 1.69, p = .11, d = .42; BF10 = .82].

5.2.4) Discussion
5.2.4.1) Current Findings
The current study aimed to investigate how PM performance varies as a
function of the value (high versus low) attached to two simultaneous intentions.
The hypothesis that PM performance would be higher for high value intentions
when compared to low value intentions was confirmed.

5.2.4.2) Ongoing performance
Ongoing performance was high across all value conditions, which is not
surprising considering that the participants would gain the respective values of
PM targets, if and only if their ongoing performance was above 85% in that
miniblock. Thus, even successful PM performance was only valuable (i.e. the
participant received the monetary reward) if ongoing performance was also
high. Nonetheless, participants did perform significantly more accurate in the
ongoing task when a high-value target was available, rather then performing
well in the ongoing task across all value conditions.
Regarding response times, ongoing costs were observed particularly for
the condition, which contained two high-value targets (HH condition).
Similarly, when a high-value target was still pending (i.e. second target in the
LH condition), participants performed the ongoing task slower. Thus,
participants slowed down in the ongoing task, presumable to avoid missing
high-value targets.
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5.2.4.3) Prospective memory performance
First the data was explored using the ValueEffect analyses, which showed a
significant effect in accuracy performance of value, though the Bayes factor
only suggested moderate evidence. The ValueEffect was not significant for
response times.
In the repeated measures analyses a main effect of relevant value, as
well as a significant three-way interaction showed that accuracy performance
was affected by relevant and irrelevant value in a position-specific manner. In
other words, while performance for the first target was affected by the value of
both targets (T1 and T2 value), performance for the second target was affected
by T2 value only. Similarly in the Bayesian analyses, behavioural effects in
accuracy were best predicted by relevant value, the model including both
relevant and irrelevant value, as well as the model including relevant value and
position.
For response times, participants responded slower for the first when
compared to the second target, though this was not affected by value. The
Bayesian analyses did suggest though that response times were affected by any
of the three factors and their interactions.
Further analyses (both frequentist and Bayesian analyses) indicated that
accuracy performance for the first target was affected by its value as well as the
value of the second target. For the second target, on the other hand, accuracy
performance was affected by its value, but not by the value of the first target.
More specifically, a pending high-value target (i.e. second target) lead to
reduced accuracy for the first target, when it was low-valued.
During each miniblock, two intentions are encoded and are then
presented, one after the other. Thus, order effects are to be expected. In a pair
of intentions with differing value (i.e. one high value, one low value intention),
the participants appear to prioritize the high-valued target over the low-valued
target, which affects a participant’s strategy for realizing the second intention.
When the high valued intention appears first, the participant can complete it
early on and then has cognitive capacity also for the low valued intention.
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However, if the low valued intention appears first, the participant may miss the
opportunity to realize this intention because he/she is more focused on
realizing the high valued intention that is yet to appear. The findings here
suggest that this prioritization has occurred.
Follow-up analyses were conducted to further explore the differences
between first and second target. Performance differed between the first and
second target in all conditions except the condition where both targets were of
high value (HH condition). This suggests that only when both targets were
high-value, participants performed equally well.
However, when the targets differed in value (i.e. LH and HL conditions),
performance was better for the high-value target, independent of whether it
was the first or second target. When both targets were of low value (LL
condition), performance was significantly better for the first target when
compared to the second target, while there was no difference in the HH
condition in accuracy performance for first and second target.
In regards to the first target (T1), participants performed equally well in
the HH, HL and LL condition. In the LH condition, however, the participants
performed significantly worse for the first target when compared to T1 in the
other conditions. This suggests that not only did participants modulate their PM
strategy towards PM targets with greater value, but moreover, participants were
less accurate for the first target in the LH condition when compared to the LL
condition, i.e. in both LH and LL the first target has low value, however, only
in the LH condition, where it is followed by a high-value target (T2),
performance costs occur. This indicates that participants particularly deprioritize low-value intentions when there is a pending high-value intention.
In regards to second target (T2) performance across conditions,
participants performed better in the two conditions with high value (LH and
HH) than the two conditions with low value (HL and LL).
Thus, for both T1 and T2, performance was better for high-value targets.
Furthermore, for low-valued first targets (T1), performance was worse when
there was a pending high-value target than when the second target was also
low value.
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These findings suggest that incentivising participants can modulate PM
performance with monetary rewards for individual intentions. Furthermore,
there was evidence for prioritization of one intention based on the value of
another. These findings show that participants flexibly allocate resources to the
fulfilment of intentions based on their values and the value of other concurrent
intentions. This is the first empirical demonstration of the occurrence of such a
prioritisation process.
However, it should be noted that in Bayesian analyses across follow-up
analyses (for accuracy and RTs) no strong evidence in agreement with
frequentist analyses was found.

5.2.4.4) Further Research
The present study was an initial investigation into the effects of value on
intentions, only in a gain frame (i.e. participants could earn more money by
performing well, but did not lose any if they performed badly). In a follow-up
study, it may be interesting to explore PM performance in the context of loss in
comparison to gain. In behavioural economics, prospect theory stipulates that
people tend be gain seeking, but loss averse (Kahneman & Tvesky, 1979). It
may be of interest to attempt to apply prospect theory to PM. In order to
investigate whether loss aversion occurs in PM, participants could receive an
amount of money at task begin (e.g. giving the participants £5). During the
task, participants would then need to perform well in order not to lose the
initial incentive. If loss aversion modulates PM performance, the participant
would be expected to attempt to always remember both PM targets, not only
high-value targets. Thus, performance should be equivalent across value
conditions, to avoid any loss overall.
While in the present study monetary rewards have been a successful
incentive modulating PM performance, there has been some previous research
that has investigated the effects of social value on PM performance (Walter &
Meier, 2014). Humans are social beings, and PM performance is improved for
intentions with social incentives or value (Meacham & Kushner, 1980). It has
161

also been found that providing social motives (i.e. instructing the participant
that an intention is important for someone else) increases task importance
(Einstein et al., 2005; Kliegel, Martin, McDaniel, & Einstein, 2004; Meacham &
Singer, 1977).
The monetary gain frame in the current paradigm could be adapted into
a social frame, i.e. by instructing the participants that all their gains in the
experiment would be going to someone else (i.e. a partner or a charity). This
would address the question whether participants would still modulate their
performance towards the high-value targets, when compared to low-value
targets, or whether they would attempt ceiling performance throughout all
value conditions in order to maximize the social reward.
A paradigm similar to the current one with two PM targets, dissociating
monetary from social rewards may provide insights into how we prioritize not
only valueable intentions, dissociating gains and losses, but also whether we
prioritize intentions with social reward.

5.2.4.5) In Conclusion
The current findings suggest that PM performance varies as a function of the
value attached to two simultaneous PM targets. Performance was not only
improved for high-value targets when compared to low-value targets, but
moreover the results suggest interactions between the two intentions (T1 and
T2), which was modulated by their value relation (HH, HL, LH, LL).

A

prioritization effect was found suggesting that participants modulated their
motivational and attentional resources towards intentions with high value, and
away from those with low value if a high-value target was pending.
Therefore, this study provides initial evidence for the modulating of PM
performance through value, but replication of these findings is crucial.
Moreover, adaptions of the current paradigm will allow exploring other factors
influential in PM, such as gain and loss framing or social framing, which will
allow drawing stronger conclusions about the relation between value and
intentions, as well as relations between intentions.
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5.3) Experiment 2
5.3.1) Introduction
5.3.1.1) Framing
In other research domains, the context of how information is presented has
been shown to bias our choices, referred to as the framing effect (Tversky &
Kahneman, 1981).
Kahneman & Tversky (1979) proposed that decisions are based on the
value of potential gains and losses, and moreover that people preferentially
avoid losses rather than acquire gains, which is known as prospect theory. For
example, in the Asian disease problem, participants were instructed to imagine
the outbreak of an unusual Asian disease that is expected to kill 600 people.
Participants were presented with two treatment options, which were equivalent
in outcome, but were either framed positively (i.e. how many people would
live) or negatively (i.e. how many people would die). According to expected
utility theory (Bentham, Burns, & Hart, 1996; Mill, 1863), since both treatments
have the same utility, rationally we should not have a preference. It was found,
however, that despite being equivalent in outcome, framing affected
preference, so that participants significantly preferred the positively to the
negatively framed treatment (Tversky & Kahneman, 1981).
Framing is very powerful and appears to not only influence our
decisions, but also plays a role for intentions and subsequent behaviour.
Evidence from behaviour change initiatives provides first insights. For example,
intentions to participate in environmentally responsible behaviours (i.e.
conservation, recycling and green shopping) are modulated depending on how
the environmental problem is framed. Davis (1995) investigated the effects not
only of how the problem is framed (i.e. as a gain or a loss), but also framing of
whom it would affect (i.e. current versus future generations) and framing the
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types of behavioural actions (i.e. ‘taking less’ versus ‘doing more’). It was found
that not only does framing influence intentions, how the problem was defined
and whom it would affect exerted their influence interactively rather than
independently.
Furthermore, as it is vital to understand how to best communicate health
behaviours, research has compared communications that employ gain frames,
which highlight the benefits of performing behaviours, with loss frames, which
emphasize the costs of not performing behaviours (Meyerowitz & Chaiken,
1987; Rothman, Martino, Bedell, Detweiler, & Salovey, 1999; Rothman,
Bartels, Wlaschin, & Salovey, 2006; Rothman, Salovey, Antone, Keough, &
Martin, 1993). Rothman & Salovey (1997) suggested that in health appeals,
gain framing is more persuasive in situations where behaviour leads to a
certain outcome (i.e. preventing a health problem), while loss framing is more
persuasive in situations with uncertainty (i.e. it may detect a health problem).
For example, Meyerowitz & Chaiken (1987) were the first to report that lossframed information was significantly more effective in promoting breast selfexamination over a 4-month follow-up period, when compared to gain-framed
information.
These effects of gain and loss framing in behaviour change initiatives
raise the question what the underlying factors are that modulate our delayed
intentions and how they interplay. In the current experiment, two factors that
potentially modulate PM performance are investigated namely monetary and
social framing.

5.3.1.2) Modulating the Value of Intentions through
Monetary Framing
Incentivizing performance has shown that even a moderate incentive (i.e. the
chance to be one of 4 winners of 5 dollars from a total of 40 people) can
significantly affect and lead to increased PM performance (Meacham & Singer,
1977).

164

McCauley, McDaniel, Pedroza, Chapman, & Levin (2009) investigated
whether event-based PM performance can be modulated through low and high
incentive in children and adolescents with traumatic brain injury. In the high
incentive condition, successful PM performance was rewarded with points that
would be traded for dollar bills, while in the low incentive condition, the
points were traded for pennies. In this naturalistic event-based PM task, in
order to receive points, the participants had to say, “Please give me three
points”, in response to whenever the experimenter would say “Let’s try
something different”. PM performance was found to be significantly better in
the high incentive condition, when compared to the low incentive condition,
in this clinical population.
The question remained whether manipulating the framing of monetary
incentives would promote PM performance. Even though Cook, Rummel, &
Dummel (2015) were the first to reward PM performance for individual
intentions, as mentioned previously, the participants were unaware of the value
of each intention. This study was also the first to explore gain and loss framing
in PM. In the loss framing, PM failures were punished with monetary
deductions, while in the gain framing, successful PM trials were rewarded with
monetary gain. There was also a no frame condition were compensation for
participating was not dependent on PM performance. Participants performed
significantly worse in the no-frame condition when compared to both the loss
and gain conditions, while performance between loss and gain conditions did
not differ. This initial evidence that monetary framing modulated PM
performance is an encouraging first step when wanting to explore the
underlying motivational mechanism influenced by monetary framing in PM.

5.3.1.3) Modulating the Value of Intentions through Social
Framing
Intentions do not always only involve the individual who forms the intention,
but often occurs in a social context and involves remembering to do something
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with others or for others (e.g. meeting a friend, collaborating with colleagues or
family life). “An important variable in prospective remembering (...) is the
extent to which another person is affected” (Meacham & Kushner, 1980, p.
208). Social PM tasks can be defined as tasks that have consequences for
others (Brandimonte et al., 2010; Penningroth, Scott, & Freuen, 2011), and
despite the relevance for everyday life intentions, the research on social
intentions is scarce. Investigating social intentions in the lab remains an
obstacle, because not only does the situation require PM it can also be
challenging to create a social frame. Most research to date is thus limited to
diary studies (Andrzejewski, Moore, Corvette, & Herrmann, 1991; Ellis &
Nimmo-Smith, 1993) and self-report measures (Meacham & Kushner, 1980;
Patton & Meit, 1993; Penningroth et al., 2011). In a correlational diary study,
for example, it was found that intentions that were perceived as more
important were reported as being remembered more (Andrzejewski et al.,
1991). Penningroth et al. (2011), for example, had participants either list
examples of their own real-life PM tasks that were more or less important to
them which were then categorized as social or nonsocial PM, or asked them to
rate a list of tasks as important or less important. In another experiment,
participants read about a hypothetical, a naturalistic social and a nonsocial PM
task and then judged importance of each. Across these studies, they found that
social PM tasks were consistently considered as more important.
Kvavilashvili (1987) was the first to explore the effects of social
importance of intention in an activity-based PM task (i.e. an intention is
performed either before or after another activity), where participants had to
hang the phone receiver on the hook after 5 minutes, which was instructed as
either very important to the experimenter or not. Importance was found to
directly affect remembering.
A few studies have explored social intentions by investigating
collaboration in PM. For example, one study asked participants to remember to
perform six tasks 30 minutes later (Schaefer & Laing, 2000). In four conditions,
some participants were instructed that they would receive a reminder about the
tasks from someone else, others were to remind someone else about the tasks,
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the third group had both, and the control group wasn’t told about any
reminders. It was found that expecting a reminder significantly decreased the
number of tasks performed, regardless of whether they had to or were provided
with the reminder. Thus, collaboration in form of reminding one another about
PM had detrimental effects on performance. Another study focused on the
group constellation (and ageing) when collaborating in naturalistic PM, i.e.
whether old married couples, old non-friend pairs and nominal groups of two
individuals working independently, would modulate PM performance
(Johansson, Andersson, & Ronnberg, 2000). The results indicated that
interaction between the members of a pair decreased performance, so that
neither old married couples nor non-friend performed as well as the nominal
control pair.
Thus, it appears that while on the one hand we ascribe social intentions
higher importance, in the case of collaboration the presence of others has
detrimental effects on PM performance. Brandimonte & Ferrante (2008)
suggested that the decreased PM performance in collaborative situations may
be due to what in the social cognition literature is referred to as social loafing
effects (Karau & Williams, 1993). D’Angelo et al. (2012) tried to dissociate
Collaborative PM (i.e. doing things with others) from Pro-social PM (i.e. doing
things for others), as well as considering pro-sociality (i.e. donating the reward)
versus personal benefit (i.e. keeping the reward) in order to understand the
social factors that motivate remembering social intentions. Participants were
engaged in either an individual, collaborative or competitive task, with the
chance to donate (pro-social intention) or to gain personally (personal benefit)
a small monetary reward for completing the PM task. The results showed a
social loafing effect in the collaborating participants when compared to the
individual condition, though pro-sociality prevented the detrimental effects of
collaboration. Personal benefit did not reduce social loafing effect equivalent
to the pro-social incentive.
Brandimonte et al. (2010) investigated the interplay between rewards (in
form of course credit) and pro-social conditions (i.e. the participant was
instructed that realizing the intention was important to the experimenter) in an
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activity-based PM task. The PM activity was to sign a form at the end of each
block of the experiment. The pro-social condition performed better than both
the reward condition and the standard instructions condition (i.e. no
mentioning of any reward). Strikingly, it was found that PM performance was
lower in the condition where both social motive and reward were present. This
suggests that introducing a small material reward under pro-social conditions
leads to drastic decreases in PM performance, which operates outside the
participants’ awareness. These findings prompt the question whether they
generalize to other types of rewards, such as monetary or materialistic, rather
than course credit.
In another study, Brandimonte & Ferrante (2015) investigated the effects
of material (high and low monetary) and non-material rewards (disclosure of
altruistic behaviour) on PM performance. While PM performance was
decreased when introducing a small material or a non-material reward, a high
material reward did not affect PM performance. These results suggest that
reward, and not only material rewards, can undermine intrinsic motivation for
PM. Thus, it appears that the effects on PM performance vary greatly as not all
rewards are equal.

5.3.1.4) Current Objectives
Building on the findings reported by Brandimonte and colleagues (Brandimonte
& Ferrante, 2015; Brandimonte et al., 2010; Brandimonte, Ferrante, Bianco, &
Grazia, 2008; D’Angelo et al., 2012), the current experiment aimed to
investigate both monetary and social framing in an event-based PM paradigm,
with the hope to dissociate monetary from social incentives as well as explore
their dynamics in order to provide insights into how we prioritize valuable
intentions.
While Cook et al. (2015) wanted to avoid the participants to be aware of
the value of each intention experiment, and instead rewarded overall PM
performance, the current experiment aimed to further explore monetary
framing with participants being instructed not only about the value of each
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intention (high or low) in a pair, but also whether an intention was for Gain or
Loss. In the Gain condition participants would earn money for every detected
PM target, while in the Loss condition participants lost money for every missed
PM target. Thus, while our participants also remained unaware of the total
number of PM cues, during encoding they were aware of the value and
monetary framing of each of the two intentions, as well as continuously
receiving feedback on their performance throughout the experimental blocks.
The complexity of social framing and PM is irrefutable considering the
evidence. We give social intentions greater importance, which can increase
PM performance. However, our PM performance is also modulated by
cooperation and competition with others, and to further complicate things,
whether a monetary reward can then be donated (pro-social intention) or we
gain personally. Another aspect that has not been considered by D’Angelo et
al. (2012) are intentions that we have to carry out by ourselves but for others.
The current experiment aimed to investigate PM and social framing, using two
concurrent PM cues varying in value (high or low), but furthermore assigning
participants either to the Self or the Other condition. In the Self condition,
participants earned money for themselves for every executed delayed intention,
while in the Other condition participants earned money for another participant.
Participants of the Other condition were instructed that they would be making
money for their partner, and their partner would be making money for them.
Though they did not know during the experiment how their partner is
performing for them, they did know they would be paid out at the end of the
experiment whatever their partner made.
The current study aimed to investigate whether the realization of an
intention is influenced by a) the value attached to it (high versus low), b)
monetary framing (gain versus loss), and c) social framing (performing for
oneself versus a partner). A 2 x 2 x 2 x 2 x 2 mixed- design ANOVA was used
to investigate the within-subject factors of position (first versus second target),
relevant value (high versus low) and irrelevant value (high versus low), and
monetary (gain versus loss) and social (self versus other) framing as betweensubject factors.
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It was anticipated that the value effect reported in Experiment 1 would
be replicated in the GainSelf condition, i.e. high value intentions would be
more likely to be fulfilled than low-value intentions.
Regarding the loss framing, it was hypothesized that assuming
participants would behave loss averse (based on prospect theory), their
performance would be near ceiling to avoid any monetary loss.
Regarding the social framing, it was hypothesized that assuming social
intentions have greater importance that participants in the Other conditions
would perform similar to or better than when they just performed for
themselves (Self conditions).

5.3.2) Method
5.3.2.1) Participants
194 undergraduate students (40 male, mean age = 19.64, SD = 2.07 ranging
from 17-30 years) took part in this experiment. No participant had to be
excluded from analysis. All participants had normal or corrected-to-normal
vision and remained naïve to the purpose of the study. All participants
provided written informed consent before taking part. Participation in the
experiment was part of course credit, but participants were additionally paid
based on performance. The local ethics committee approved the experiment.
Data was collected in three testing sessions, twice as part of an undergraduate
course module (N = 65 and N=107), and once recruiting students from a
subject pool (N = 24).
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5.3.2.2) Apparatus
The experiment was conducted on Dell OptiPlex 9020 with 23-inch monitors.
MATLAB (r2014a; MathWorks Company) and Psychtoolbox (v3) were used to
run the experiment and record behavioural responses.
The response keys ‘S’ (‘same’), ‘D’ (‘different’) and ‘F’ (‘memorized’)
were used. Responses were made with the index and middle finger of the right
hand (resting on the ‘S’ and ‘D’ key respectively), with the index finger having
to move to the F key for a ‘memorized’ response.
The open source software JASP (version 0.8.4, Mac OS X) was used for
behavioural analyses.

5.3.2.3) Behavioural Task & Procedure
The task involved intentions repeatedly being formed, maintained and realized
while participants performed an unrelated ongoing task. The procedure was
identical to Experiment 1.

5.3.2.4) Design & Stimuli
A mixed design was employed. The within-subject factors of position (T1
versus T2, i.e. first or second target), relevant value and irrelevant value were
identical to Experiment 1. Here two additional between-subject factors were
included, namely framing (Gain versus Loss) and agent (Self versus Other),
resulting in four between subject groups: GainSelf (N=52), LossSelf (N=48),
GainOther (N=48), LossOther (N=48).
The task consisted of four blocks, with 12 miniblocks each. The
paradigm was adapted from Experiment 1 with the only changes regarding the
between subject manipulations and the feedback screen, the task itself
remained identical to Experiment 1.
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Framing and agent was manipulated through varying instructions. In the
Gain conditions, participants were instructed that they can earn up to £5.28 in
this study if they perform well, while in the Loss conditions they were informed
that “In this study, you have £5.28 in your account, which you get to keep at
the end, if you perform well.” In the Self conditions, participants were
instructed that they can earn money for themselves, while in the Other
conditions, they were instructed that “in this study you will not be paid the
money in your account yourself. Instead, you have been paired with one of the
other participants. […] So you perform for your partner, and your partner
performs for you.”
Feedback was provided after each of the miniblocks. For the Gain and
Loss conditions, participants were told “You now have £___ in your account.”;
in the Gain conditions the amount was the result of addition starting from £0,
while in the Loss condition the amount resulted from subtractions from the
initial £5.28. In the Other conditions the feedback highlighted the partner:
“You now have £___ in your account for your partner.”

5.3.3) Results
5.3.3.1) Ongoing Analyses
For performance of the ongoing 1-back task, separate analyses of accuracy and
RT data were conducted using 2x2x2x2 repeated-measures ANOVAs, with
within-subject factors T1 value (H, L) and T2 value (H, L) and between-subject
factors framing (Gain, Loss) and agent (Self, Other).

5.3.3.2) Ongoing Performance: Accuracy
Regarding within subjects effects, the main effect of T1 value was significant
[F(1, 192) = 4.36, p = .04, partial η2 = .02], while neither the effect of T2 value
[F(1, 192) = 2.53, p = .11, partial η2 = .01] nor the interaction was significant
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[F(1, 192) = .31, p = .58, partial η2 = .002]. (see Figure 5.6). Thus, as in
experiment 1, participants were more accurate in the ongoing 1-back task
when a high-value rather than a low-value target was available.
Regarding between subjects effects, neither the main effect of monetary
framing [F(1, 192) = .22, p = .64, partial η2 = .001] nor of social framing [F(1,
192) = .98, p = .32, partial η2 = .005] were significant. The interaction was also
insignificant [F(1, 192) = 3.44, p = .07, partial η2 = .02].
There were no significant interactions between within- and betweensubjects factors.

Figure 5.6) Average ongoing accuracy: performance (in % correct) in each condition
(HH, HL, LH and LL) and four between subject conditions (GainSelf, LossSelf,
GainOther, LossOther) is shown. Error bars indicate SE.

5.3.3.3) Ongoing Performance: RTs
Regarding within subjects effects, neither the main effect for T1 value [F(1, 192)
= .43, p = .51, partial η2 = .002], nor the effect for T2 value [F(1, 192) = .90, p
= .34, partial η2 = .005] was significant (see Figure 5.7). There was also no
significant interaction between T1 and T2 [F(1, 192) = 2, p = .16, partial η2 =
.01].
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Regarding between subjects effects, neither the main effect of framing
[F(1, 192) = .18, p = .67, partial η2 = .001] nor of agent [F(1, 192) = .22, p =
.64, partial η2 = .001] were significant. The interaction was also insignificant
[F(1, 192) = .21, p = .65, partial η2 = .001]. Thus, participants performed
equally fast when a high- or low-value target was available.
There were no significant interactions between within- and betweensubjects factors.

Figure 5.7) Average ongoing RTs: (in s) in each condition (HH, HL, LH and LL) and
four between subject conditions (GainSelf, LossSelf, GainOther, LossOther) are shown.
Error bars indicate SE.

5.3.3.4) PM Analyses
5.3.3.4.1) ValueEffect Analysis
The effect of value was initially investigated as in Experiment 1 by creating a
ValueEffect variable for accuracy and RTs, separately, and here conducting one
sample t tests for each condition. Additionally, in the current experiment, the
ValueEffect was analyzed using a 2x2 ANOVA with the factors monetary
framing (Gain, Loss) and social framing (Self, Other).
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5.3.3.4.2) Repeated Measures
For frequentist analyses, the eight possible target responses (i.e. four value
conditions x two targets per condition) were further analysed in 2 x 2 x 2 x 2 x
2 mixed ANOVA, with within-subject factors: position (T1, T2), relevant value,
and irrelevant value, and between-subject factors: framing (Gain versus Loss)
and agent (Self versus Other). Analyses were conduced independently for
accuracy and RTs.
Unfortunately, obtaining Bayes factors equivalent to the 2x2x2x2x2
mixed ANOVA was beyond the capacity limits of the current version of JASP
(version 0.8.4), as it would generate 7580 different models.

5.3.3.4.3) Follow-up Analyses
These analyses were followed up with separate analyses of responses to the T1
and T2, each including two factors of T1value and T2value. Paired sample t
tests were conducted comparing T1 with T2 within each condition.
In the Bayesian approach, for follow-up analyses, the same models as
described in Experiment 1 are generated, however by adding in the two
between-subject factors (Gain/Loss and Self/Other) a total of 166 possible
models are compared against the null model. Models providing the best
evidence are discussed in more detail where appropriate, as well as reporting
the analysis of effects.

5.3.3.5) PM Performance: Accuracy
5.3.3.5.1) ValueEffect Analysis
The ValueEffects were significant for both Gain conditions [GainSelf: t(51) =
3.8, p < .001, d = .52, BF10 = 58.3; GainOther: t(47) = 2.43, p = .019, d = .35,
175

BF10 = 2.2], but were insignificant for both Loss conditions [LossSelf: t(47) =
1.1, p = .28, d = .16, BF01 = 3.6; LossOther: t(47) = 1.4, p = .17, d = .20, BF01
= 2.5] (see Table 5.3 for means and StDev of the value effects per condition).
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Table 5.3) ValueEffect accuracy: mean scores and StDev by condition.

GainSelf
LossSelf
GainOther
LossOther

Mean
5.37
1.13
4.08
2.17

StDev
10.31
7.09
11.66
10.66

The 2x2 ANOVA showed a significant main effect of monetary framing
[F(1, 47) = 4.3, p = .04, partial η2 = .09], while the main effect of social framing
[F(1, 47) = .03, p = .86, partial η2 = .001] and the interaction [F(1, 47) = .66, p
= .42, partial η2 = .01] were insignificant.
Bayesian analyses, though the model including only monetary framing
was the best model against the null, it did only provide anecdotal evidence
against the null [BF10 = 1.8].

5.3.3.5.2) Repeated Measures
Regarding within subjects effects, the main effect of relevant value was
significant [F(1, 192) = 19.6, p < .001, partial η2 = .09], while the main effect of
position [F(1, 192) = 1, p = .32, partial η2 = .01] and the effect of irrelevant
value were insignificant [F(1, 192) = 2.6, p = .11, partial η2 = .02].
Post hoc comparisons showed a highly significant difference for relevant
value [t(192) = 4.42, p < .001] (see Figure 5.8). This replicates the findings
from Experiment 1.
Regarding between subjects effects, the main effect of monetary framing
[F(1, 192) = .03, p = .87, partial η2 = 0] and social framing [F(1, 192) = 1.2, p =
.27, partial η2 = .006] were insignificant.
There were no significant interactions between the within-subject effects
position, relevant value and irrelevant value.
The interaction between monetary and social framing was also insignificant
[F(1, 192) = .731, p = .394, partial η2 = .004].
There was a significant two-way interaction between relevant value and
monetary framing [F(1, 192) = 4.56, p = .034, partial η2 = .02]. Thus, the
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influence of value on accuracy was greater in the Gain condition than Loss
condition. Moreover, there was a significant four-way interaction between
position, relevant value, monetary (i.e. Gain/Loss) and social framing (i.e.
Self/Other) [F(1, 192) = 4.4, p = .037, partial η2 = .02]

Figure 5.8) Average PM accuracy: performance (in % correct) for each of the four
between-subject conditions (GainSelf, LossSelf, GainOther, LossOther) dissociated
into each condition (HH, HL, LH and LL). Error bars indicate SE; Significant differences
are shown with ★ for p < .05 and ★★ for p < .01.

5.3.3.5.3) Follow-up Analyses
For T1 accuracy, the main effect of T1value was significant [F(1, 192) = 9.3, p
= .003, partial η2 = .05], which was also found in Experiment 1. Here,
however, neither the main effect of T2value [F(1, 192) = 3, p = .08, partial η2 =
.02] nor the interaction was significant [F(1, 192) = .39, p = .54, partial η2 =
.002]. Both between subjects effects were insignificant [GainLoss: F(1, 192) =
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7.11E-5, p = .99, partial η2 = 0; SelfOther: F(1, 192) = .91, p = .34, partial η2 =
.01], so was the interaction [F(1, 192) = .65, p = .42, partial η2 = .003].
In the Bayesian analysis of effects, strong evidence was found only for
the effect of T1value [BFincl = 12], when compared to the effects of the other
factors and interactions [BFincl < 1]. In the model comparison, only the model
of T1value provided strong evidence [BF10 = 11.8] against the null model,
when compared to all other 165 models [BF10 < 5]. The second best model
against the null model included the factors T1value and T2value but was worse
than the best model by a factor of 3 [best model comparison: BF01 = 2.7]. Thus,
while the evidence for the main effect of T1value was not extreme, it does
support the findings from the frequentist analyses.
For T2 accuracy, the main effect of T2value was significant [F(1, 192) =
19.5, p < .001, partial η2 = .09], while the main effect of T1value [F(1, 192) =
.55, p = .46, partial η2 = .003] and the interaction [F(1, 192) = .01, p = .94,
partial η2 = 0] were not, replicating Experiment 1. Here an interaction between
T2value * GainLoss was found [F(1, 192) = 5.03; p = .03, partial η2 = .03].
Both between subjects effects were insignificant [GainLoss: F(1, 192) = .1, p =
.76, partial η2 = .001; SelfOther: F(1, 192) = 1.5, p = .22, partial η2 =.01], so
was the interaction [F(1, 192) = .77, p = .38, partial η2 = .004].
In the Bayesian analysis of effects, extreme evidence was found only for
the effect of T2value [BFincl = 1190.8], when compared to the effects of the
other factors and interactions [BFincl < 1]. In the model comparison, 15 of the
166 models provided extreme evidence against the null model [BF10 > 100]
(see Table 5.4). The best model included only T2value [BF10 = 5887.9] was
also twice as good as the second best model (i.e. T2value + GainLoss +
T2value*GainLoss) [comparison to best model: BF01 = 1.9]. Thus, the Bayesian
analyses strongly supported the frequentist analysis regarding T2value.
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Model Comparison:
Model
T2value
T2value + GainLoss + T2value*GainLoss
T2value + SelfOther
T2value + GainLoss
T2value + GainLoss + T2value*GainLoss + SelfOther
T2value + GainLoss + SelfOther
T2value + GainLoss + T2value*GainLoss + SelfOther + GainLoss*SelfOther
T1value + T2value
T2value + GainLoss + SelfOther + GainLoss*SelfOther
T2value + SelfOther + T2value*SelfOther
T1value + T2value + GainLoss + T2value*GainLoss
T1value + T2value + SelfOther
T2value + GainLoss + T2value*GainLoss + SelfOther + T2value*SelfOther
T1value + T2value + GainLoss + T2value*GainLoss + SelfOther
T1value + T2value + GainLoss

to null model
BF 10
5887.9
3129.9
2966.5
1575.7
1561.1
802.9
614.5
592.8
362.5
336.8
323.1
302.3
184.6
181.6
154.7

to best model
BF 01
1
1.9
2.0
3.7
3.8
7.3
9.6
9.9
16.2
17.5
18.2
19.5
31.9
32.4
38.1

Table 5.4) Model comparison: All models providing extreme evidence when compared to the Null ranked according to BF10.

Thus, T1 target accuracy was affected by T1 value and T2 target
accuracy was affected by T2 value, respectively. Inspection of PM accuracy as
the difference to the LL baseline condition focusing just on the GainSelf
condition as well as looking across all within-subject conditions (see Figure
5.9) (which is the condition that is the direct replication of Experiment 1),
suggests that as in Experiment 1, accuracy to a low-value target is reduced
when there is a pending high-value target, when compared with the condition
where the pending target also has low value. Though this trend was similar,
unlike Experiment 1, this effect was not significant.

Figure 5.9) PM accuracy compared with LL baseline: (in % correct) is shown for
GainSelf condition (left) and across all between-subject conditions (right) for T1 and
T2 in each condition to the LL baseline condition. Error bars indicate SE of the
difference score.

5.3.3.6) PM Performance: RTs
5.3.3.6.1) ValueEffect Analysis
The ValueEffect was significant in the GainOther condition [t(45) = -3.5, p =
.001, d = -.52, BF10 = 28.6], but was insignificant in the other conditions

181

[GainSelf: t(49) = -1.4, p = .16, d = -.20, BF01 = 2.5; LossSelf: t(45) = -.08, p =
.93, d = .01, BF01 = 6.2; LossOther: t(44) = -1.939, p = .06, d = -.29, BF01 = 1.1]
(see Table 5.5).
Table 5.5) ValueEffect RTs: mean scores and StDev by condition.

GainSelf
LossSelf
GainOther
LossOther

Mean
-0.03
0.00
-0.06
-0.03

StDev
0.14
0.07
0.11
0.09

The 2x2 ANOVA showed neither a significant main effect of monetary
framing [F(1, 39) = 3.6, p = .07, partial η2 = .08], nor of social framing [F(1, 39)
= 2, p = .17, partial η2 = .05]. The interaction was also insignificant [F(1, 39) =
.04, p = .84, partial η2 = .001]. In Bayesian analyses, none of the models
provided strong evidence against the null [BF10 < 1].

5.3.3.6.2) Repeated Measures
The main effects for position was highly significant [F(1, 183) = 73.6, p < .001,
partial η2 = .29], as in Experiment 1. Participants were slower for T1 than T2
target responses. Here, the main effect of relevant value [F(1, 183) = 12.8, p <
.001, partial η2 = .07] was also highly significant, i.e. participants were faster
for targets when the relevant value was high [t(183) = -3.572, p < .001] (see
Figure 5.10). The main effect of irrelevant value was insignificant [F(1, 183) =
1.1, p = .3, partial η2 = .01].
Regarding between subjects effects, the main effect of monetary framing
[F(1, 183) = 6.172E-4, p = .98, partial η2 = 0] and social framing [F(1, 183) =
.04, p = .852, partial η2 = 0] were insignificant.
No significant interactions were found between the within-subject
factors. The interaction between monetary and social framing was also
insignificant [F(1, 183) = 2.3, p = .12, partial η2 = .01]. Within- and between
subject factors also did not interact significantly regarding RTs.
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Figure 5.10) Average PM RTs: (in s) for each of the four between-subject conditions
(GainSelf, LossSelf, GainOther, LossOther) dissociated into each condition (HH, HL,
LH and LL). Error bars indicate SE; Significant differences are shown with ★ for p < .05
and ★★ for p < .01.

5.3.3.6.3) Follow-up Analyses
For T1 RTs, there was a significant main effect for T1value [F(1, 186) = 6.432; p
= .012], while the main effect of T2value [F(1, 186) = 3.596; p = .059] and the
interaction were not significant [F(1, 186) = .468; p = .495]. Participants were
faster for T1 targets when they were high-valued rather than low-valued [t(186)
= -2.536, p = .012]. Regarding between subjects effects, the main effect of
framing [F(1, 186) = .197, p = .658] and of agent [F(1, 186) = .008; p = .929],
as well as the interaction [F(1, 186) = 1.716; p = .192] were insignificant.
In the Bayesian analysis of effects, there was no evidence for any effect
or interaction [BFincl < 1]. 128 out of the 166 models provided extreme
evidence for the null model [BF01 range: 104.2 – 7.9E+8]. It should be noted
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that the model for T1value was the best model against the null, though only
providing anecdotal evidence [BF10 = 2.3].
For T2 RTs, there was a main effect of T2value [F(1, 186) = 8.6, p =
.004, partial η2 = .04]. The effect of T1value [F(1, 186) = 1.541e-4, p = .99,
partial η2 = 0] and the interaction [F(1, 186) = 2.2, p = .14, partial η2 =.01]
were however insignificant. Participants were faster for T2 targets when they
were high-valued rather than low-valued [t(186) = -2.9, p = .004]. The
between subject factors Gain/Loss [F(1, 186) = .09, p = .76, partial η2 = .001]
and Self/Other [F(1, 186) = .05, p = .86, partial η2 = 0] were also insignificant,
as well as their interaction [F(1, 186) = 3.2, p = .08, partial η2 = .02].
In the Bayesian analysis of effects, there was no evidence for any effect
or interaction [BFincl < 3]. In the model comparison, 98 models were more in
favour of the null model [BF01 range: 101 – 28358.6]. Again, it should be noted
that the model including only T2value was the best model providing moderate
evidence against the null model [BF10 = 9.2].

5.3.4) Discussion
5.3.4.1) Current Findings
The aim of the current study was to investigate whether intention performance
is modulated by value, monetary and social framing. First, it was hypothesized
that the GainSelf condition in the current experiment would replicate the
findings from Experiment 1, which showed that high-value intentions were
more likely to be fulfilled when compared to low-value intentions. Second, it
was hypothesised that if loss aversion (as proposed by prospect theory) applies
to PM, then participants would perform at ceiling to avoid any monetary loss
(Loss conditions). Third, assuming that social intentions have greater
importance, would modulate performance so that participants who perform for
a partner (Other conditions) would do similar or better than when they just
performed for themselves (Self conditions).
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5.3.4.1.1) Ongoing Performance
Since PM performance depended on a minimum ongoing performance of 85%
accurate, ongoing performance was high across all value and between-subject
conditions. Moreover, as in Experiment 1, when a high-value intention was
available, participants performed more accurately on the ongoing task.
Ongoing RTs did not differ between value conditions. Moreover, no differences
in ongoing accuracy or RTs performance were found for monetary or social
framing. While for monetary framing, assuming that participants would perform
similar for gain and loss intentions, ongoing accuracy would be expected to be
equivalent. For social framing, decreased ongoing accuracy in the Other
conditions could have indicated less motivation to perform well for the partner,
but this was not the case. Ongoing accuracy performance indicates that
participants in all four conditions attempted to perform well in the ongoing task
in order to actually receive monetary compensation for successful PM
performance.

5.3.4.1.2) Prospective memory performance
The ValueEffect analyses provided first insights about this dataset. As
hypothesized, the initial analyses showed that the ValueEffect found in
Experiment 1 was replicated. Participants performed better for high-value
compared to low-value intentions in the GainSelf condition. Additionally, the
current paradigm also found a ValueEffect in the GainOther condition, while
value did not modulate performance in the LossSelf and LossOther conditions.
Thus, participants are sensitive to intention value under gain framing but not
under loss framing. More specifically, in both Gain conditions, participants
prioritized high-value over low-value intentions, while in both Loss conditions,
participants performed similarly for high- and low-value intentions. This is in
agreement with our other hypotheses, namely that participants would avoid
losing any money by performing well for both high- and low-value intentions.
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Moreover, it was hypothesized that social framing would promote PM
performance when participants performed for their partner (i.e. Other
conditions). In the GainOther condition, the results may be interpreted that
participants prioritized high- over low-value intentions as they would if they
performed for themselves (i.e. in the GainSelf condition). In the LossOther
condition, it may be inferred that participants avoided any loss independent of
the value of the individual intentions as they would if they performed for
themselves (i.e. LossSelf condition).
The repeated measures showed a main effect of relevant value, though
monetary and social framing did not show a significant main effect.
Nonetheless, the two-way interaction between relevant value and monetary
framing suggest that value more greatly influenced performance in the Gain
when compared to the Loss condition. This is in agreement with the
hypothesis, that losses would be avoided independently of the value, while
gains are more driven by high versus low-value.
Similar to Experiment 1, follow-up analyses showed that accuracy for
the first target was influenced by its value. Moreover, accuracy for the second
target was affected by its value. In Bayesian analyses, only the model
containing first target accuracy alone provided strong evidence against the null.
While for second target accuracy, 15 (out of 166) models providing extreme
evidence against the null, which is not only driven by T2 accuracy but also T1
accuracy, GainLoss and SelfOther. Here, the evidence strongly suggests that
performance for the second target is driven by its value, but also the monetary
framing appears to underlie performance, more so than the social framing
manipulation or the value of the first target. Overall, accuracy was reduced for
the first target, when it was low-valued, when a high-value target was pending,
similar to Experiment 1 but here the effect was not significant.

5.3.4.2) In Conclusion
The study by Cook, Rummel, & Dummel (2015) was the first to suggest that
adding value to intentions influences how they are encoded, maintained and
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retrieved. Here, we not only explored the role of value in more detail regarding
intentions, by not only varying the amount (high or low), but also exploring the
effects of framing (monetary and social) using a paradigm that allows
investigating two concurrent intentions. The current findings provide further
evidence in support of the prioritization effect, where performance is not only
modulated by the value of an intention, but also by the value of a second,
concurrent intention. Moreover, it was found that monetary and social framing
influence PM performance. More specifically, loss aversion was observed so
that participants avoided losses in general and not specific to high- or lowvalued intentions.
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6) General Discussion
6.1) Summary of Findings
This dissertation was driven by two main aims. First, to explore whether
functional-near infrared spectroscopy can be used to replicate the lateral
increase and medial decrease in prefrontal cortex activity associated with PM,
as demonstrated in previous neuroimaging studies. The first three studies
reported here provide the first step towards the goal of employing fNIRS in PM
research. While the first two fNIRS studies did not provide strong evidence in
favor of employing fNIRS in PM research, the third experiment provides the
first demonstration of increased lateral and decreased medial prefrontal cortex
activation pattern. Thus, fNIRS is sensitive enough to detect significant
hemodynamic change associated with performance of a PM task.
Second, to investigate monetary and social value of intentions and its
effects on PM performance. The first behavioural experiment found that
individuals can modulate their motivational and attentional resources towards
intentions with high (monetary) value, and when two intentions compete, can
prioritize a high- over a low-value intention. The second experiment replicated
the previous finding, and extended it modulating value through monetary and
social framing. PM performance was affected differently depending on type of
framing.

6.2) Implications & Future Directions
6.2.1) Bayesian Approach
Bayesian analyses employed throughout this dissertation provided an
alternative, independent statistical approach to the data. Though the insights
from Bayes factors gained here were limited, in combination with frequentist
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analyses it allowed evaluating uncorrected p values and throughout the
dissertation reporting both provided a direct comparison between these two
statistical approaches. While for some results, both analyses are in agreement,
in other analyses there appears to be a stark contrast. For example, in the
follow-up analyses across both value studies, the Bayes factors generally
provided only anecdotal evidence, while some of the p values showed highly
significant differences. Here, it is argued that the Bayes factor might indicate
that these p values might not provide reliable evidence and should be
considered with care. The Bayes factor, though not widely reported yet in
cognitive studies, the interest is growing. The new free software JASP provides
not only a free alternative to the widely used software SPSS to conduct
frequentist analyses, but similarly provides the opportunity to conduct the
equivalent Bayesian analyses. Considering the replication crisis and growing
criticism of the standard p < .05 significance testing underlines the importance
of finding and evaluating alternative statistical approaches such as Bayesian
statistics with the aim to find ways to assure the quality of data analyses and
the interpretation of results, which is why it has been used throughout this
dissertation.

6.2.2) fNIRS for PM
The fNIRS experiments reported in this dissertation have revealed various
considerations for future studies on PM (and other cognitive processes) using
fNIRS, for example regarding correction for multiple comparisons, which is an
important aspect of assuring the statistical quality of a study.
Additionally, while the effects of posture were not demonstrable within
the scope of the data set in the third fNIRS experiment, the current
understanding of fNIRS signals highlights the importance of considering
systemic influences on brain activity (Kirilina et al., 2013; Scholkmann et al.,
2014; Tachtsidis et al., 2010, 2008). The brain is not disconnected from the
rest of the body, though the current approach in cognitive neuroscience seems
to focus on brain activity without considering systemic influences. While the
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BOLD signals might not be as susceptible to systemic changes, it nonetheless
would be interesting to start exploring the relationship between physiology and
brain activity.

6.2.3) Valuable Intentions
Social framing could be further explored by considering social structures, for
example, instead of performing for an unknown partner. PM performance
might be modulated differently if one performs for a friend, a family member,
or colleague. Similarly, one could explore how PM performance is influenced
through an altruistic framing, e.g. performing for a non-profit organization.
Monetary framing, i.e. Gain and Loss, could be evaluated using computational
modelling of economic theory. The current paradigm could also be adapted to
investigate the prioritization effect in a within-subject design modulating
framing on each trial creating a competition between Self versus Other or Gain
versus Loss intentions for two concurrent intentions (e.g. one Self, one Other
intentions in one trial).
What makes intentions valuable or important to us can certainly take
many other forms and will depend on all our other simultaneous intentions.
Further research on the value of intentions could now extend these findings
and for example, increase the number of concurrent intentions to explore their
interactions. It is nothing new that “the level of importance that is attributed to
a delayed intention is probably derived from the links between that intention
and other intentions, and more general goals, aims, desires and so on.”
(Kvavilashvili & Ellis, 1996, p. 33). For example, I might intend to drink less
alcohol, but also intend to be more social, and the social context might involve
going for drinks with friends or colleagues. Here, two concurrent intentions
compete, and one has to decide whether to prioritize one over the other, or
how to find a way to accommodate both (e.g. still go out for drinks and stick to
non-alcoholic beverages). The current studies used abstract stimuli (i.e.
coloured letters) to represent intentions. While this was useful for the purpose
of the current studies, future studies could attempt using more complicated
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stimuli (e.g. images) that represent more naturalistic intentions (for example, a
photo of a person buying milk). This would allow exploring these links
between intentions as well as the links to our goals, aims and desires.
Similar, future research needs to find a way to address more
complicated intentions, such as environmental intentions. Even though
humanity’s environmental impact is one of the most pressing issues of our time,
studying environment intentions is particularly challenging. It needs to
establish how we think about the future, how we intend to behave as an
individual as well as a society, and ultimately how our behaviour affects our
environment. Nonetheless, overcoming these challenges would provide us
with an understanding that would allow us to develop interventions that
promote environmentally friendly behaviour.
These are only a few suggested possibilities for future research, though it
should be noted that the finding that motivation and attention towards
intention can be modulated opens up numerous other avenues to pursue.
Though further research is necessary to understand the interaction between
these factors, the two studies have provided the foundation for studying
valuable intentions.

6.3) Further Considerations
6.3.1) Sleep, Mood & Gender
In the PM literature, various other properties that influence remembering
delayed intentions have been investigated; reviewing all is beyond the scope of
this dissertation. Though the use of within-subject designs and random
allocation in between-subject designs, it may be possible that participants are
unrepresentative which would limit the generalizability of the results (e.g.
samples consisted primarily of female students). Three factors that are therefore
interesting to consider are sleep and mood, as well as gender.
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It has been shown that PM performance is improved through sleep
during the retention interval (when compared to wakefulness) (Scullin &
McDaniel, 2010) and through positive mood during encoding (when compared
to negative mood which impaired performance) (Knight, Brewer, Ball, DeWitt,
& Marsh, 2015). During data collection (also in this dissertation) factors such as
sleep and mood are simply ignored, though it might be interesting to assess
mood and sleepiness of the participants recruited as it might correlate with
performance.
Similarly, another factor that (while described in the demographics) that
might influence PM performance is the gender of participants. It should be
noted that many studies (also the studies reported in this dissertation) report
data from a sample that consists of more women than men. However, gender
differences have been described also in PM research: one study has shown that
women outperform men in remembering delayed intentions (Palermo et al.,
2016). Thus, if samples across PM studies are biased towards women (rather
than balanced in gender) might result in higher PM performance, which should
be considered when interpreting results, or a gender-balanced sample could be
recruited to include gender as a factor.

6.3.2) The Intention-Behaviour Gap
Many elements of real-life prospective remembering have not been fully
captured by current laboratory tasks (Ellis & Kvavilashvili, 2000). In everyday
life, we often experience a disconnect between what we intend to do and our
actual behaviour, which can be referred to as the intention-behaviour gap
(Sheeran & Webb, 2016). A prominent example would be setting New Year’s
resolutions: whether to quit smoking, lose weight, exercise more or finding a
work/life balance. While we might make these resolutions, or have good
intentions, we often fail to act on them, which indicate a weak intentionbehaviour relation (Gollwitzer, 1999; Orbell & Sheeran, 1998). Finding ways
to bridge this gap is of fundamental importance for promoting health and
wellbeing, and might benefit from taking advantage of technological advances.
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Cognitive offloading might be an interesting avenue to pursue, which instead of
putting the demands on the individuals takes advantage of technological
advances to take over the demands to promote successful PM performance.
Considering how nowadays technology has become an extension to our
physical bodies, with our smartphones in our pockets, it may be argued that
PM demands are changing. While cognitive offloading is nothing new (e.g.
writing down a to-do list or using a calendar), nowadays there is a switch from
these physical objects to using smartphones and wearable devices (Risko &
Gilbert, 2016). These gadgets can decrease PM demands by providing time-,
location- and person-based reminders (McDonald et al., 2011; Svoboda &
Richards, 2009). Instead of having to remember an intention, we can now
during encoding offload the specifics of the retrieval context to our
technological gadgets, which we can then rely on taking over various
processes of PM for us, and guarantee reminding us to execute that intention
(that is, if our battery doesn’t die).
It may be argued that naturalistic PM also falls into the umbrella term of
behaviour change, as forming, maintaining and executing delayed intentions
may form a driving factor when trying to change our behaviour. Research on
behaviour

change

interventions

have

much

more

readily

embraced

technological advances to foster behaviour change (Fjeldsoe, Marshall, &
Miller, 2009). For example, research has shown that individuals with HIV
disease display deficits in PM, which has drastic implications on their daily
functioning, but more importantly negatively affects their health behaviours
(e.g. suboptimal medication adherence). One study has investigated the use of
calendars and alarms to aid time-based PM performance in HIV-positive young
people (Faytell et al., 2016). Participants had to send a text to the experimenter
once per day for a week at a specified time. In contrast to the control
condition, to remind them at the specified time using their mobile phones,
participants either created a calendar event, or created an alarm, or created
both (combined condition). Significantly better PM performance was found in
the participants in the combined condition when compared to the controls,
though the alarm only condition also showed a trend (while the calendar alone
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condition did not differ significantly from the controls). Thus, using mobile
phone features might provide a viable strategy to promote daily PM
functioning, especially in populations that have high rates of mobile phone
use.

6.4) Concluding Remarks
“Successful prospective remembering enables us to shape and direct our
cognitive resources in the pursuit of future actions and plans. As such, it is a
critical element in the coordination and control of cognitive skills that underlie
our ability to complete many real-world activities” (Ellis & Kvavilashvili, 2000,
p. 1). Conceptually, intentions are particularly intriguing to study as they bridge
the gap between various areas of psychology and cognitive neuroscience (e.g.
decision-making, action, social cognition, memory, motivation, attention and
prospection).
PM research faces theoretical as well as methodological challenges.
Nonetheless it has made huge strides revealing its cognitive processes and
neural correlates. The research described in this dissertation has explored two
novel avenues, namely the feasibility of functional-near infrared spectroscopy
and the effects of value of intentions on PM performance.
PM allows us to live independent lives. Forming intentions allows us to
organize our prospective behaviours. We constantly form a multitude of
diverse intentions and rely on PM every day. Nowadays in our fast paced, busy
society, it is less important what we have done, but what we are going to do
next, which is why furthering our understanding about intentions will have far
reaching implications for our everyday lives.
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Appendix A
Uncorrected results
Contrast 1 (Figure 2.4) and 3 (Figure 2.6) did not reveal any significant
channels, activation maps for all other contrasts from all channels are
illustrated in Figures 2.13 and 2.14.

Figure 2.4) Contrast 1: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb independently for contrast 1: experimental versus
baseline conditions. None of the channels was significant with uncorrected p values.
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Contrast 2 found significantly higher signal in HBO2 in right middle frontal
gyrus for prospective memory conditions compared with ongoing only
conditions (Figure 2.5). The same channel showed significantly higher signal
for HBO2 for non-social prospective memory conditions compared with
ongoing only (contrast 3) (Figure 2.6). Additionally, contrast 3 showed the
channels over left frontal superior (channel 12) and left middle orbital frontal
gyrus (dorsolateral PFC) to be significant for HBO2. There were no significant
channels for the equivalent analysis of social prospective memory conditions
compared with ongoing only (contrast 3).

Figure 2.5) Contrast 2: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb independently for contrast 2: PM versus ongoing
conditions. * indicates significance with uncorrected p values.
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Figure 2.6) Contrast 3: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb independently for contrast 3: social PM versus ongoing
conditions. None of the channels was significant with uncorrected p values.

Contrast 5 showed significantly higher signal in HBO2 in right superior frontal
gyrus (frontopolar area), as well as a significant deactivation in HHb in the right
middle frontal gyrus (Broca’s area) for social than non-social prospective
memory conditions (Figure 2.8).
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Figure 2.7) Contrast 4: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb independently for contrast 4: non-social PM versus
ongoing conditions. * indicates significance with uncorrected p values.

Figure 2.8) Contrast 5: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb independently for contrast 5: social versus non-social PM
condition. * indicates significance with uncorrected p values.
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Turning now to the analyses of transient prospective memory related activity,
contrast 6 showed a significant deactivation in HHb in the superior frontal
gyrus (frontopolar area) between PM hits (collapsed over social and non-social)
and dummy ongoing events (Figure 2.9).

Figure 2.9) Contrast 6: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb independently for contrast 6: PM hits versus ongoing
dummy hits. * indicates significance with uncorrected p values.

Looking at social and non-social PM hits individually, compared against their
respective baselines (Figure 2.10), social PM hits were associated with reduced
signal in HHb in the medial superior frontal gyrus (contrast 7). Non-social PM
hits were associated with increased signal in left superior orbital frontal gyrus
(contrast 8) (Figure 2.11). Moreover, decreased signal was found in the right
middle frontal gyrus and right superior frontal gyrus (frontopolar areas), as well
as three channels on the left covering the superior (orbitofrontal) and middle
frontal gyrus (frontopolar and Broca’s area).
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Figure 2.10) Contrast 7: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb independently for contrast 7: social PM hits versus face
ongoing dummy hits. * indicates significance with uncorrected p values.

Figure 2.11) Contrast 8: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb independently for contrast 8: non-social PM hits versus
object ongoing dummy hits. * indicates significance with uncorrected p values.
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Finally, direct comparison between social versus non-social PM hits showed
greater deactivation in HHb in left middle frontal gyrus (left lateral channel 13)
for non-social than social hits (Figure 2.12).

Figure 2.12) Contrast 9: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb independently for contrast 9: social versus non-social PM
hits. * indicates significance with uncorrected p values.
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Figure 2.13) Activation maps for contrasts 2, 4 and 5: which investigated sustained
activity. Activation maps for each contrast based on t values for HBO2 and HHb are
shown left and right, respectively. Significant channels (uncorrected p values) are
highlighted in white. Note: HHb signals were fitted with a flipped HRF so that
functional brain activity associated with decreased HHb would lead to positive t
values.
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Figure 2.14) Activation maps for contrasts 6-9: which investigated transient activity.
Activation maps for each contrast based on t values for HBO2 and HHb are shown left
and right, respectively. Significant channels (uncorrected p values) are highlighted in
white. Note: HHb signals were fitted with a flipped HRF so that functional brain
activity associated with decreased HHb would lead to positive t values
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for each of the 16 channels. Highlighted in yellow are results with a BF that indicates strong evidence for the alternative hypothesis.
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Table 2.3) BF10: Bayes Factors (BF) for the alternative hypothesis (BF10) are reported for each of the nine contrasts, for both signals (HBO2 and HHb)

Channel
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2
3
4
5
6
7
8
9
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2.9
3.1
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1.5
1.6
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2.0
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2.5
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3.7
3.9
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Contrast 1
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3.0
3.0
3.4
3.9
3.4
2.0
2.9
2.4
3.9
3.8

Contrast 2
HBO2 HHb
3.8
0.9
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HBO2 HHb
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1.8
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1.9
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0.3
0.8
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0.9
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3.9
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0.7
3.8
2.1
3.9
3.2
1.8
2.8
3.0
1.6
1.9

Contrast 6
HBO2 HHb
1.6
3.7
3.7
2.9
3.9
2.2
3.9
3.7
3.7
0.8
3.7
3.9
1.4
3.3
3.2
2.7

3.9
3.8
3.6
1.6
3.9
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Contrast 7
HBO2 HHb

each of the 16 channels. There were no Bayes factors that would indicate strong evidence for the null hypothesis.
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3.6
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0.7
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Contrast 8
HBO2 HHb
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2.9
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3.3
3.7
1.3
3.7
1.0
3.0
0.8
3.1
3.9
2.1
3.8
2.9
3.2

3.4
3.8
3.8
1.8
3.6
3.9
3.3
1.1
3.7
3.9
2.9
1.1
0.0
1.8
1.9
3.8

Contrast 9
HBO2 HHb

Table 2.4) BF01: Bayes Factors (BF) for the null hypothesis (BF01) are reported for each of the nine contrasts, for both signals (HBO2 and HHb) for

Channel
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Table 3.3) BF10: Bayes Factors (BF) for the alternative hypothesis (BF10) are reported for each of
the six contrasts, for both signals (HBO2 and HHb) for each of the 16 channels. Highlighted in
yellow are results with a BF that indicates strong evidence for the alternative hypothesis.
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Contrast 6

HBO2
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HHb
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HHb
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HBO2

HHb

1

0.6

0.3
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0.3

0.3

0.3
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0.3

0.3

1.0

0.6

0.8

2

0.7

0.3

0.3
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0.4

0.3
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0.5

3
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0.9

0.3
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0.6

0.3

0.3
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0.5

1.8

4

0.4

0.4

0.4

0.5

0.3

0.5

2.4

0.3

0.3

0.3

0.3

0.3

5

0.4

0.3

0.3

0.3

1.6

0.3

2.5

1.8

0.3

0.4

0.6

0.5

6

1.4

2.2

0.4

17.0

0.5

0.5

0.3

0.3

0.3

1.2

0.3

0.5

7

8.2

0.3

0.3

0.3

1.8

0.3

0.3

0.7

0.3

0.3

0.3

0.6

8

1.4

0.4

0.3

0.3

1.6

0.3

2.4

0.6

0.5

0.3

0.7

1.1

9

2.9

0.3

0.3

0.3

4.5

0.3

0.3

0.3

0.3

0.3

0.3

0.3

10

27.0

0.7

1.4

0.6

0.5

0.3

1.1

0.3

0.3

0.3

2.7

0.4

11

5.4

0.3

0.3

0.3

1.5

0.3

0.8

0.3

0.4

0.3

0.5

0.6

12

11.5

1.5

0.3

1.1

3.0

0.3

0.4

0.3

0.3

0.3

0.4

0.5

13

0.5

0.3

0.3

0.9

0.5

0.4

0.3

0.4

0.3

0.5

0.3

0.3

14

7.9

0.3

0.3

0.6

0.7

0.8

1.5

1.7

0.3

0.3

1.1

7.9

15

10.2

1.5

0.6

1.6

2.8

0.3

0.5

0.3

0.4

0.3

0.3

0.3

16

0.3

2.4

0.4

0.4

0.4

0.3

0.3

0.3

0.3

0.5

0.4

0.8
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Table 3.4) BF01: Bayes Factors (BF) for the null hypothesis (BF01) are reported for each of the six
contrasts, for both signals (HBO2 and HHb) for each of the 16 channels. There were no Bayes
factors that would indicate strong evidence for the null hypothesis.

Contrast 1

Channel

Signal:

Contrast 2

Contrast 3

Contrast 4

Contrast 5

Contrast 6

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

1

1.8

3.8

2.4

3.7

3.1

3.3

0.7

3.6

3.8

1.0

1.7

1.2

2

1.4

2.9

3.8

2.8

2.4

3.2

1.6

2.6

3.8

2.7

0.5

2.0

3

1.4

1.1

3.1

0.7

2.3

3.4

1.8

3.7

3.5

1.2

1.9

0.6

4

2.8

2.6

2.8

2.2

3.2

1.9

0.4

2.9

2.9

3.5

3.2

2.9

5

2.4

3.6

3.4

3.6

0.6

3.8

0.4

0.5

3.1

2.4

1.8

1.8

6

0.7

0.5

2.7

0.1

2.1

2.0

3.7

3.7

3.6

0.9

3.5

1.9

7

0.1

3.8

3.7

3.4

0.6

3.0

3.1

1.5

3.1

3.8

3.7

1.8

8

0.7

2.7

3.8

3.6

0.6

3.0

0.4

1.6

2.1

3.7

1.4

0.9

9

0.3

3.5

3.1

3.4

0.2

3.7

3.7

3.6

3.5

3.5

3.0

3.8

10

0.0

1.5

0.7

1.7

2.0

3.6

0.9

3.4

3.3

3.6

0.4

2.5

11

0.2

3.7

3.8

3.8

0.7

3.7

1.3

3.0

2.9

3.2

1.9

1.7

12

0.1

0.7

3.8

0.9

0.3

3.8

2.4

3.1

3.5

2.9

2.7

1.8

13

2.2

3.8

3.5

1.1

1.9

2.6

3.8

2.7

3.0

2.2

3.5

3.6

14

0.1

3.6

3.3

1.7

1.4

1.2

0.7

0.6

3.8

3.8

0.9

0.1

15

0.1

0.7

1.8

0.6

0.4

3.6

1.9

3.6

2.5

3.8

3.3

3.7

16

2.9

0.4

2.4

2.3

2.6

3.2

3.2

3.3

3.8

2.1

2.7

1.2
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Figure 3.5) Contrast 2: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for contrast 2: intention conditions versus baseline (tasks
only). * indicates significance with uncorrected p values.

Figure 3.6) Contrast 3: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for contrast 3: intention conditions versus baseline
(instructions + tasks). * indicates significance with uncorrected p values.
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Figure 3.7) Contrast 5: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for contrast 5: offloading versus no offloading (tasks
only). * indicates significance with uncorrected p values.

Figure 3.8) Contrast 6: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for contrast 6: offloading versus no offloading (instruction
+ tasks). * indicates significance with uncorrected p values.
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Figure 3.9) Contrasts 1, 2 and 3 investigated intention versus baseline conditions.
Activation maps for each contrast based on t values for HBO2 and HHb are shown left
and right, respectively. Significant channels (uncorrected p values) are highlighted in
white. Note: HHb signals were fitted with a flipped HRF so that functional brain
activity associated with decreased HHb would lead to positive t values.
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Figure 3.10) Contrasts 4 and 5 investigated offloading versus no offloading conditions.
Activation maps for each contrast based on t values for HBO2 and HHb are shown left
and right, respectively. Significant channels (uncorrected p values) are highlighted in
white. Note: HHb signals were fitted with a flipped HRF so that functional brain
activity associated with decreased HHb would lead to positive t values.
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Appendix C

Figure 4.6) Contrast 5: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for each posture (sitting and laying) independently for
contrast 5: offloading versus no offloading (tasks only). * indicates significance with
uncorrected p values.
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Figure 4.7) Contrast 6: Results from one-sample t tests conducted on each of the 16
channels for HBO2 and HHb for each posture (sitting and laying) independently for
contrast 6: offloading versus no offloading (instructions + tasks). * indicates
significance with uncorrected p values.
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Table 4.4) BF10: Bayes Factors (BF) for the alternative hypothesis (BF10) are reported for
each of the six contrasts, for both postures (sitting and laying) and for both signals
(HBO2 and HHb) for each of the 16 channels. Highlighted in yellow are results with a
BF that indicates strong evidence for the alternative hypothesis.
Contrast 1
Posture:

Channel

Signal:

sitting

Contrast 2

laying

sitting

laying

sitting

laying

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

1

0.3

0.3

0.3

0.3

0.3

12.3

0.3

0.3

0.3

0.6

0.3

0.3

2

0.5

0.5

1.2

0.5

0.3

1.7

0.3

2.2

0.3

2.0

0.4

0.9

3

0.3

1.0

0.4

0.4

0.3

0.3

0.3

0.6

0.3

0.8

0.3

0.3

4

0.4

0.3

0.4

0.3

0.3

0.5

0.3

23.7

0.3

0.3

0.4

1.1

5

1.1

0.3

0.8

0.3

0.4

1.0

0.8

0.3

0.3

0.4

0.3

0.3

6

0.4

0.8

0.3

0.4

0.4

0.3

0.6

0.3

0.3

0.4

0.3

0.3

7

0.3

0.4

0.3

0.3

1.7

0.4

0.5

0.4

0.4

0.6

0.3

0.3

8

0.3

0.4

0.3

0.4

2.6

0.3

1.8

0.3

0.4

0.4

0.5

0.4

9

0.5

0.8

0.5

0.3

1.5

0.3

2.6

0.3

0.3

0.5

8.5

0.3

10

0.3

0.6

0.3

0.3

1.1

0.5

67.6

1.0

0.6

0.7

21.8

0.8

11

0.3

0.3

0.9

0.3

0.8

0.9

1.1

0.7

0.4

0.4

0.3

0.4

12

0.8

0.5

0.4

0.3

0.6

0.3

0.6

0.4

0.3

0.3

0.3

0.3

13

0.5

0.5

0.5

0.3

0.3

3.3

0.3

2.2

0.3

1.3

0.4

0.3

14

0.9

0.4

0.9

1.8

0.3

6.7

0.3

0.4

0.6

3.3

0.6

2.1

15

0.3

0.7

0.3

0.4

0.3

0.9

0.3

0.3

0.3

0.3

0.3

0.4

16

2.4

0.4

2.4

0.3

0.4

0.5

0.3

0.3

0.4

0.3

0.5

0.3

Contrast 4
Posture:
Signal:

Channel

Contrast 3

sitting

Contrast 5

laying

sitting

Contrast 6

laying

sitting

laying

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

1

0.4

0.3

0.3

0.9

0.3

0.4

0.3

0.4

0.3

0.3

0.3

0.6

2

0.6

0.3

0.5

0.9

0.3

0.4

0.6

0.3

0.4

0.5

0.8

2.8

3

0.6

0.3

0.5

0.5

0.3

0.5

0.4

0.4

0.3

0.3

0.6

0.3

4

0.4

0.3

0.6

0.4

0.5

0.6

0.9

0.3

0.7

1.6

0.3

0.3

5

0.6

0.3

0.4

0.5

0.4

0.6

0.4

0.4

0.3

0.7

0.3

0.3

6

0.5

0.3

0.3

0.3

1.0

1.4

1.8

1.1

1.1

1.4

0.7

0.3

7

0.4

0.5

0.4

0.5

0.3

0.7

1.1

0.3

0.3

0.3

0.9

0.6

8

1.6

0.6

0.3

1.2

0.3

0.6

0.6

0.4

0.4

1.8

0.4

0.7

9

0.3

0.3

0.4

0.3

0.9

1.3

0.6

0.5

0.5

0.8

0.5

0.3

10

0.4

1.4

0.3

0.4

0.3

0.3

1.4

0.4

0.3

1.2

1.2

0.7

11

0.3

0.5

0.8

0.3

0.4

1.8

0.3

0.8

0.3

3.2

0.5

1.1

12

1.9

2.0

0.6

0.3

0.3

0.3

1.3

0.3

0.5

0.7

0.3

0.4

13

2.5

1.8

0.5

0.4

0.3

0.5

0.3

1.4

0.8

1.0

0.4

0.3

14

0.4

0.6

0.4

0.4

0.3

0.4

0.9

0.3

0.3

0.3

1.0

0.3

15

0.3

0.6

0.3

0.4

0.5

0.9

0.5

0.4

0.3

1.2

0.3

0.6

16

0.3

0.5

1.1

0.6

0.6

0.3

0.4

0.4

0.5

0.4

2.0

0.4
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Table 4.5) BF01: Bayes Factors (BF) for the null hypothesis (BF01) are reported for each
of the six contrasts, for both postures (sitting and laying) and for both signals (HBO2
and HHb) for each of the 16 channels. There were no Bayes factors that would
indicate strong evidence for the null hypothesis.

Contrast 1
Posture:

Channel

Signal:

sitting

Contrast 2

laying

sitting

laying

sitting

laying

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

1

3.0

3.2

3.2

3.1

3.2

0.1

3.0

3.2

3.0

1.7

3.2

3.1

2

2.2

1.9

0.9

2.1

3.1

0.6

2.9

0.5

3.2

0.5

2.4

1.1

3

3.2

1.0

2.5

2.3

3.0

3.2

3.2

1.7

3.0

1.3

2.9

3.2

4

2.3

3.4

2.6

3.3

3.2

2.1

3.2

0.0

3.2

3.0

2.6

0.9

5

0.9

3.3

1.3

3.2

2.2

1.0

1.2

3.1

3.3

2.7

3.3

2.9

6

2.3

1.3

3.0

2.7

2.7

3.1

1.6

3.1

3.3

2.8

3.0

3.4

7

3.3

2.2

3.2

3.3

0.6

2.6

1.9

2.7

2.8

1.7

3.0

3.6

8

2.9

2.4

3.2

2.6

0.4

3.3

0.6

3.4

2.4

2.7

2.2

2.7

9

2.1

1.2

2.1

3.2

0.7

3.2

0.4

3.2

3.1

1.9

0.1

3.2

10

3.3

1.8

3.1

3.4

0.9

2.0

0.0

1.0

1.8

1.4

0.0

1.2

11

3.4

3.4

1.1

3.2

1.2

1.2

0.9

1.5

2.3

2.8

3.3

2.7

12

1.3

2.0

2.7

3.6

1.7

3.0

1.8

2.8

3.5

3.2

3.1

3.1

13

2.1

2.2

2.1

3.0

3.5

0.3

3.3

0.4

3.1

0.8

2.6

2.9

14

1.1

2.6

1.1

0.6

3.1

0.1

3.2

2.5

1.6

0.3

1.8

0.5

15

3.3

1.5

3.3

2.4

3.3

1.1

3.3

3.3

3.4

3.4

3.4

2.3

16

0.4

2.6

0.4

3.2

2.7

2.2

3.2

3.1

2.6

3.2

2.0

3.2

Contrast 4
Posture:
Signal:

Channel

Contrast 3

sitting

Contrast 5

laying

sitting

Contrast 6

laying

sitting

laying

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

HBO2

HHb

1

2.8

3.0

3.0

1.1

3.2

2.7

3.2

2.5

3.2

3.1

3.2

1.8

2

1.7

3.1

1.9

1.1

3.1

2.4

1.6

3.1

2.8

2.2

1.2

0.4

3

1.6

3.2

2.0

2.1

3.0

2.1

2.3

2.8

3.0

2.9

1.8

3.0

4

2.4

3.2

1.6

2.6

2.2

1.8

1.1

3.3

1.5

0.6

3.4

3.1

5

1.7

3.0

2.6

2.1

2.6

1.7

2.7

2.5

3.3

1.4

3.3

3.2

6

2.0

3.2

3.1

2.9

1.0

0.7

0.6

0.9

0.9

0.7

1.5

3.3

7

2.8

2.2

2.8

2.1

3.5

1.4

0.9

3.1

3.0

3.4

1.1

1.8

8

0.6

1.6

3.4

0.8

3.0

1.7

1.8

2.6

2.7

0.6

2.3

1.4

9

3.0

3.2

2.7

3.0

1.2

0.8

1.8

2.2

2.1

1.3

1.9

3.2

10

2.6

0.7

3.4

2.6

3.5

3.1

0.7

2.7

3.0

0.8

0.9

1.5

11

3.1

2.0

1.3

3.3

2.3

0.6

3.0

1.2

3.1

0.3

2.0

0.9

12

0.5

0.5

1.5

3.4

3.1

3.5

0.8

3.2

2.1

1.4

3.5

2.6

13

0.4

0.5

2.1

2.6

3.5

2.1

3.5

0.7

1.2

1.0

2.3

3.4

14

2.3

1.8

2.7

2.6

3.2

2.5

1.2

2.9

2.9

3.2

1.0

3.2

15

3.4

1.8

2.9

2.2

2.1

1.1

2.1

2.7

3.3

0.9

3.0

1.8

16

3.2

1.9

0.9

1.8

1.6

2.9

2.8

2.8

2.1

2.7

0.5

2.5
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intention conditions versus baseline (instructions
only)

intention conditions versus baseline (task only)

intention conditions versus baseline (instructions
+ tasks)

offloading versus no offloading (instructions only)

offloading versus no offloading (tasks only)

offloading versus no offloading (instructions +
tasks)

1

2

3

4

5

6

Contrast

HHb

HHb
HBO2

HBO2

HHb

HBO2
HHb
HBO2

HHb

HBO2
HHb
HBO2
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2.19
2.38
2.39
3.16
-2.40
-2.18
-2.23
-2.53
-2.27
-2.82
-3.07
-2.67
-2.35

2.41
10
9
9
9
11
10
11
10
11
10
10
10
11

9

Posture: SITTING versus LAYING
Signal
t
df
BF₁₀

no significant channel
0.039
2.1
no significant channel
0.053
1.6
0.041
2.0
0.041
2.1
0.012
5.5
0.035
2.2
0.054
1.6
0.048
1.7
0.03
2.5
0.044
1.8
0.018
3.8
0.012
5.3
0.023
3.1
0.039
2.0

p

df, uncorrected p values and BF10 for both HBO2 and HHb signal, for each contrast. Note: Channel* represents deactivation.

11
14
9
14
13*
8*
10*
6*
10*
6*
6*
8*
10*

14

Channel

Table 4.6) Overview of significant contrasts for paired t tests on posture (sitting versus laying). Significant channels are described including t values,

uncorrected p values, none of the effects survived false discovery rate correction, and none of the BF indicated strong evidence.

the six contrasts and independently for both signals (see Table 4.6 below). While again a number of significant effects were found using

In order to directly compare the effects depending on posture (sitting versus laying), paired sample t tests were conducted for each of
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