Memory enhancement with stimulants: differential neural effects of methylphenidate, modafinil and caffeine
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Supplementary Material

Control analyses

We estimated the individual drug dose based on body weight (mg/kg). The data revealed no significant dose-performance

relationships (all p > .16).

Drug order and learning effects

To identify drug order and learning effects, two repeated-measures ANOV As were performed. First, an ANOVA with treatment (drug/
placebo) as within-subject factor and drug type (MPH/ MOD/ CAF) and drug order (first drug/ first placebo) as the between-subject
factors was performed. This analysis showed no significant interaction with drug order * treatment nor with drug order * treatment *
drug type (all p > .22). A second repeated-measures ANOVA with testing day (performance on day 1/ day 2) as within-subject factor
and drug order and drug type as between-subject factors was performed. Likewise, there was no significant variance explained for day
order nor for day order * drug type, day order * drug order or day order * drug type * drug order (all p > .17). Taken together, these

results show that potential drug order and learning effects were negligible.



Encoding

A whole-brain analysis was performed for the contrast Learning>Resting at a threshold level set at p <.05 (corrected for FWE). For
Learning compared with Resting baseline, significant and extensive activation was seen in widespread networks including bilateral
occipital lobe, gyrus parahippocampalis, SMA and left dorsolateral PFC (DLPFC) across all participants (Figure S1A). The opposite
contrast Resting>Learning showed significant activation within the default mode network including prefrontal, parietal and temporo-

insular areas. All findings are summarized in Table S4.
Recognition

To demonstrate recognition processing of all participants, the average BOLD signal of 39 participants during recognition was
contrasted with the BOLD signal during the control condition (Recognition>Control, p <.001, unc., cluster size > 23 Voxels). This
revealed significant task-related activations in widespread cortical and subcortical networks including the parietal lobe, left frontal
lobe, and bilateral occipital lobe. Furthermore, bilateral activations were found in the caudate nucleus, anterior cingulate cortex
(ACC), and middle temporal regions (Table S5, Figure S1B). On the other hand, Control>Recognition revealed activations in ACC,

gyrus supramarginalis, precuneus, bilateral hippocampus, left insula, middle temporal gyrus, and posterior cingulate cortex (PCC).



Tables

Table S1. Imaging studies comparing MPH and PLA in healthy adults

Study N  Method Dose Cognitive domain Test paradigm Be}el;?é 1c()tl;ral Imaging effects
Memory
(Mehta et al., 2000) 10 PET 40 mg Working memory Spatial search Fewer errorsin ~ MPH X Task

task between search,  Activation in DLPFC (1), PPC (1) , SMA (1)

but no difference =~ MPH > Placebo
to PLA in within-  Increases of rCBF in cerebellum (r), Decreases
search rCBF in frontal (1) and temporal regions (r)

(Honey et al., 2003) 23 fMRI 20 mg Object learning Delayed match No effect MPH > Placebo

task Decrease of functional connectivity between

caudate nucleus and midbrain
No effect for caudate-thalamus correlation
(Dodds et al., 2008) 20 fMRI 60 mg  Working memory, Reversal learning No effect MPH X reversal errors: decrease in putamen,
Performance (RL), cuneus, precentral gyrus
maintenance Task Switching MPH X non-switch errors

(TS) Signal decrease in VLPFC, ACC
(Clatworthy et al., 9 PET 60 mg Working memory Reversal Learning No effect MPH X RL: decrease in caudate nucleus
2009) (RL), spatial MPH X SWM: Activation in ventral Striatum

working memory
(SWM)
(Tomasi et al., 2011) 32 fMRI 20mg  Working memory, n-back task, Accuracy MPH X Task: no effect
Visual attention visual tracking No effect MPH > Placebo: activations in parietal cortex, PFC
RT Deactivations in PCC, Insula
MPH>PLA
(Wagner et al., 2017) 26 fMRI 20 mg Associative Associative No effect No differential activation during memory retrieval
memory memory task after 72h
(Marquand et al., 2011) 15 fMRI 30 mg Working memory Spatial delay No effect MPH X Task
match task With reward: Deactivations in default-mode-

network (PCC, precuneus, VMPFC)
Without Reward: Activations in PCC, precuneus
and VMPFC during encoding only



(Gorka et al., 2020) 53 fMRI 20mg Working memory N-back task No effect MPH > Placebo
Reduction of intra-thalamic connectivity between
lateral PFC and motor and somatosensory thalamic
sub-regions
Attention
(Rao et al., 2000) 6 fMRI 20 mg Motor response Finger tapping No effect No effect
(Miiller et al., 2005) 12 fMRI 20 mg Visual attention Motor reaction No effect MPH X Task
Movement task Activation in precentral gyrus, inferior parietal
preparation gyrus, precuneus
(Udo de Haes et al., 7 PET 0.25 Sustained Continuous Not reported MPH X Task
2007) mg/Kg attention performance task Activations in ACC, temporal poles, supplementary
motor area, cerebellum
Deactivations in superior temporal gyri, right
medial frontal gyrus and right inferior parietal
cortex
(del Campo et al., 16 PET 0.5 Sustained Rapid visual Baseline effects =~ MPH > Placebo
2013) mg/Kg attention information of MPH: low Increase in extracellular DA in SN/VTA, ventral
processing task performers get striatum
enhanced through
drug
(Ivanov et al., 2014) 16 fMRI 0.5 Information Anticipation, Increased MPH > Placebo
mg/Kg processing conflict, reward accuracy Signal decrease in attention-activation systems
paradigm irrespective of the reward cue, and in components
of the reward—motivation system, particularly the
insula, during reward trials.
(Kasparbauer et al., 27 fMRI 40 mg Attention Smooth pursuit No effect No effect
2016) eye movement
task
(Farr et al., 2014) 48 fMRI 45 mg Saliency Stop-Signal-Task No effect MPH X SST
processing (SST) Activation in bilateral caudate nucleus, motor
cortex, right inf. PFC, cerebellum
Executive Functions
(Schlosser et al., 2009) 12 fMRI 40 mg Decision making, Reinforcement No effect MPH X Task
Uncertainty learning, Activations in parahippocampal Gyrus, ACC,
uncertainty cerebellum, precentral gyrus

Placebo X Task: Parietal cortex, PCC



(Pauls et al., 2012) 16 fMRI 40 mg Response Stop-Signal Task Effect only in MPH X SST
inhibition with and without modified SST Deactivations in right inferior frontal gyrus and
attention No effect in insula during successful and failed inhibitions
capturing accuracy MPH X Error triaations in ACC, medial frontal
gyrus,
(Costa et al., 2013) 52 fMRI 40 mg Error Processing,  Go/No-Go Task, No effect MPH X Go/No-go Task:
Response Stop-Signal-Task Activation only during unsuccessful inhibition in
inhibition (SST) right putamen
MPH X SST: No effect
(Moeller et al., 2014) 15 fMRI 20 mg Error processing Stroop test No effect MPH X Error>correct response
Deactivation in ACC
(Nandam et al., 2014) 27 fMRI 30 mg Response Go/No-Go Task No effect MPH > Placebo
Inhibition Activation in the pregenual cingulate (dorsal
anterior cingulate), inferior frontal (r), middle
frontal (1), angular (1) and superior (r) temporal
gyri and caudate (7).
(Schmidt et al., 2017) 21 fMRI 60 mg Response Go/No-Go Task Improved MPH > Placebo
inhibition inhibitory Activation in middle frontal gyrus (r),
performance middle/superior temporal gyrus, inferior parietal
lobule, presupplementary motor area, and ACC.
(Evers et al., 2017) 20 fMRI 40 mg Reward Gambling task Reduced reaction ~MPH > Placebo
processing time Reward expectancy-related activation in the ventral
striatum.
(Goldstein et al., 2010) 14 fMRI 20mg  Error and Reward Stroop test Decreased MPH > Placebo
Processing commission errors  Activations in the DLPFC and fusiform gyrus
during task
Mood
(Schmidt et al., 2018) 22 fMRI 60 mg Negative emotion Response to No effect No effect
processing fearful faces
Resting State
(Wang et al., 1994) 5 PET 0.5 - - - Global decreases in cerebral blood flow (CBF), no
mg/Kg regional differences
(Volkow et al., 2001) 11 PET 60 mg - - - ROI Striatum: Increase in DA
ROI Cerebellum: No effect
(Ramackers et al., 20 fMRI 40 mg - - - ROI analysis: Reduced FC between the NAcc and

2013)

the basal ganglia. Decreased FC between the NAcc
and the medial prefrontal cortex (mPFC) and the
temporal cortex. No change in the FC between the
medial dorsal nucleus and the limbic circuit.



(Mueller et al., 2014) 54

(Zhu et al., 2013) 18

(Wang et al., 2019) 23

(Demiral et al., 2019) 16

fMRI

RS fMRI

PET

PET

40 mg

20 mg

0.5mg/
Kg

0.5mg/

- Go/No-Go Task
(after scanning)

Effect of -
Expectation

No effect in
Go/No-Go Task

Increased connectivity between the dorsal attention
network and the thalamus. Increased connectivity
between sensory-motor and visual cortex regions.
Decreased connectivity between cortical and
subcortical components of cortico-striato-thalamo-
cortical circuits (CST).

Increase in Regional homogeneity (ReHo) in
middle and superior temporal gyrus (1, BA 39)
Decrease in ReHo in lingual gyrus (1, BA 19)
Increased DA-release in bilateral putamen, in
bilateral NAcc and caudate nucleus

Decreased D2R in striatum

fMRI: Increased RFC between sensory and motor
thalamic seeds and right cerebellum

Increased negative RFC between NAcc and
premotor thalamic seed region

PET: Increased thalamic glucose metabolism in all
seed regions

Motivation
(Hofmans et al., 2020) 46

PET

20mg

Cognitive Cognitive effort
motivation discounting
choice task

Higher proportion
of choices of
cognitive effort
over leisure
MPH>PLA

Interaction between MPH and dopamine synthesis
capacity in NAcc and putamen

MeSH terms as used in our previous systematic review (Repantis et al., 2010) adapted for a search for imaging studies. Databases:
Pubmed database and scholar.google.com. Inclusion of healthy adults, exclusion of participants with a history or presence of mental
and physical diseases, study publication dates between 1990 and March 2021, only publications in English language, 0.5 mg/kg MPH
~ 40 mg for an adult man of 80 kg, MPH > PLA = main drug effect, MPH X Task = interaction between drug and task, RS = Resting
state, 1 = left, r = right, FC=functional connectivity.



Table S2. Imaging studies comparing MOD and PLA in healthy adults

Study N  Method Dose Cognitive domain  Test paradigm Bezﬁf\é 1(:)tlsral Imaging effects
Working memory & Executive functions
(Minzenberg et al., 21 fMRI 200 mg Executive Task switching  Accuracy increase in ~ MOD>Placebo
2008) functioning low-performers, Deactivations in bilateral pons
RT cost correlated to  MPH X Task
drug dose Activations in bilateral pons and PFC
(Ikeda et al., 2017) 23 fMRI 200 mg Attention Flanker task Increased alerting ~ MOD> Placebo
performance Activations in middle and inferior occipital gyri
(Rasetti et al., 2010) 19 fMRI 100 mg/d Working memory, N-back-task, No effect MOD X FMT:
for 7d Visual attention, Variable- Deactivation in amygdala ()
Fear processing attention-task MOD X N-Back
(VAT), Face- Deactivations in PFC (1),
matching-task MOD X VAT:
(FMT) Deactivations in ACC
(Ghahremani et al., 19 fMRI 200 mg  Working memory Reversal No effect MOD > Placebo
2011) learning bilateral ventral occipito-temporal cortex, lateral
occipital cortex, and superior parietal regions,
inferior frontal (r) and middle frontal gyri (r)
(Esposito etal., 2013) 26 RSfMRI  100mg  Fluid intelligence Resting State, Drug effect for Activations in frontal parietal control (FPC) and
Raven’s medium difficulty,  dorsal attention network (DAN) networks
matrices test low and high No activations found in salience network (SN) and
difficulty were not  no effect in functional connectivity (FC)
affected by drug
(Ngo et al., 2019) 18 fMRI 200 mg Moral decision Moral dilemma Increased moral MOD>Placebo
making decision task decisions Activations in bilateral medial PFC, the insula,
and the precuneus
(Schmaal et al., 2013) 16 fMRI 200 mg Response Stop-Signal- RT decrease in Go ~ No effect
Inhibition Task Trials
(Schmidt et al., 2017) 21 fMRI 600 mg Response Go/No-Go Task  Improved inhibitory =~ MOD > Placebo
inhibition performance Activation in middle frontal gyrus (r) and

superior/inferior parietal lobule.



(Schmaal et al., 2014) 16 fMRI 200 mg Decision making Delay- No effect No effect
discounting-task
Mood & Reward
(Volkow et al., 2009) 10 PET 200 mg/  Mood & emotion  Visual analogue No effect Increased extracellular DA and occupancy of DAT
400 mg scales prior and in striatum and Ncl. Accumbens, no differences in
after scanning dosing
(Goudriaan et al., 16 fMRI 200 mg Addiction Visual No effect No effect
2013) observation of
cocaine Stimuli
(Schmidt et al., 2018) 22 fMRI 600 mg  Negative emotion Response to No effect MOD > Placebo
processing fearful faces Activation in amygdala, ACC, pallidum, putamen
(r), SMA (1), caudate nucleus (1) and thalamus (1).
(Funayama et al., 20 fMRI 200 mg Reward Monetary Decrease in MPH X Task
2014) processing incentive delay commission errors ~ No effect on whole brain level
task ROI Ncl accumbens: only activation during highest
incentive
Sensory Functioning
(Ellis et al., 1999) 12 fMRI 400 mg Sensory function Visual and No effect MOD X Attention
auditory Low baseline increases amount of voxels, high
stimulation baseline decreases amount of activated voxels.
(Joo et al., 2008) 21 SPECT 400 mg Wakefulness Visual and Reduced sleepiness, MOD>BASELINE
acoustic No effect in RTs Increase of CBF in bilateral thalami, dorsal pons
reaction tasks MOD>PLA
Activation of CBF in bilateral fronto-polar,
orbitofrontal, superior frontal, middle frontal gyri,
short
insular gyri, left cingulate gyrus, left
middle/inferior temporal gyri, left parahippocampal
gyrus, and left pons
(Minzenberg et al., 18 RS{MRI 200 mg Resting Resting state, RT correlated with ~ MOD X Task
2011) visual drug dependent Deactivations in vmPFC, PCC and left Inferior
sensorimotor deactivations in parietal lobe (IPL)
task vmPFC
Resting State
(Kim et al., 2014) 10 PET 200 mg/ - - - Enhanced DAT binding in striatum

300 mg



(Punzi et al., 2017) 24 RS{MRI 100 mg - - - Enhanced FC between V1 and cerebellar (Crus I,
Crus II, VIIIa lobule) and frontal (right inferior
frontal sulcus and left middle frontal gyrus) regions.

(Ceraetal., 2014) 26 RSfMRI 100 mg - - - Increased FC in putamen, left parahippocampus,
left posterior insula and MCC

MeSH terms as used in our previous systematic review (Repantis et al., 2010) adapted for a search for imaging studies. Databases:
Pubmed database and scholar.google.com. Inclusion of healthy adults, exclusion of participants with a history or presence of mental and
physical diseases, study publication dates between 1990 and March 2021, only publications in English language, MOD>PLA = main
drug effect, MOD X Task = interaction between drug and task, RS = Resting state, | = left, r = right, FC=functional connectivity.



Table S3. Imaging studies comparing CAF and PLA in healthy adults

Study

N

Method

Dose

Cognitive domain

Test paradigm

Behavioural
effects

Imaging effects

Working memory

(Koppelstaetter et al.,

2008)

(Klaassen et al., 2013)

(Haller et al., 2013)

(Haller et al., 2014)

(Heilbronner et al.,
2015)

15

21

24

10

fMRI

NIRS

100 mg

100 mg

200 mg

200 mg

200 mg

Working memory

Working memory

Working memory

Working memory

Working memory

n-back task

Sternberg Task

2-back Task

2-Back Task

2-back Task

No effect

No effect in accuracy
and RT

No effect

No effect

No effect

Task X CAF
Activations in bilateral medial frontopolar cortex
(BA 10), right anterior cingulate (BA 32)

CAF X Task

Encoding: activation in DLPFC (r)
Maintenance: deactivation in thalamus (1)
Retrieval: no drug effect

CAF X Task

Activations in bilateral striatum, middle and
inferior frontal gyrus (r), bilateral insula, superior
and inferior parietal lobule (1), bilateral
cerebellum,

Deactivations in bilateral superior parietal

FC analysis

CAF dependent enhanced connectivity between
PFC, vPMC, the SMA, the parietal cortex as well
as visual areas

CAF X Task

Activations in bilateral striatum, middle and
inferior frontal gyrus (r), bilateral insula, superior
and inferior parietal lobule (1)

FC Analysis

No CAF effect

General decrease of the HbO response after CAF
intake

During Task: Increase of the HbR response of the
left IFC

Visual stimulation

(Mulderink et al.,
2002)

18

200 mg

Sensory function

Checkerboard
observation and

No effect

BOLD Signal change CAF>Baseline



finger

Activation in motor cortex (M1) around 37%,

movements activation in visual cortex (V1) region around
26%
No whole brain data reported
(Laurienti et al., 2002) 20 fMRI 250 mg passive sensory Checkerboard - CAF>Placebo
stimulation observation -
High vs. Low Consumers
Increased BOLD signal in high dose sub;.
BOLD signal correlates with prior coffee
consumption
(Laurienti et al., 2003) 19 fMRI 250 mg passive sensory Checkerboard - CAF>Placebo
stimulation observation Decrease in CBF, no correlation to BOLD signal
was found
(Liu et al., 2004) 5 fMRI 200 mg  Visual stimulation Checkerboard - CAF>Placebo
observation Decrease in CBF during rest, high variance in
visual response amplitude within participants
(Perthen et al., 2008) 10 fMRI 250 mg  Visual stimulation Checkerboard - Reduction in rCBF in visual cortex
(Grichisch et al., 2012) 8 fMRI 200 mg  Visual stimulation Checkerboard - Reduction in rCBF in visual cortex, no change in
BOLD response
Attention
(Liau et al., 2008) 10 fMRI 200 mg Attention - CAF>Placebo
motor reaction Checkerboard Decreases in CBF and Signal-to-Noise ratio
Finger tapping (SNR), no effect in BOLD
after cue
(Chen and Parrish, 27 fMRI 1 mg/kg Visual attention Checkerboard - Reduction in rCBF during resting state
2009) 2,5 motor Reaction Fi Tappi Increase in %CBF and %BOLD responses during
mg/kg 1nger tappimng task in motor and visual cortex
5 mg/kg
(Serra-Grabulosa et al., 10 fMRI 75mg Sustained Continuous No effect CAF>Placebo
2010) attention performance test No effect
(Diukova et al., 2012) 14 fMRI 250 mg Motor reaction Finger tapping Oddball: less missed ~ CAF X Visual Task
EEG Visual attention Checkerboard responses, no effect  Reductions in V1 and superior temporal lobe (1)
Acoustic attention  Auditory oddball  on false alarms or RT  CAF X Motor Task
task Deactivations in left sensorimotor cortex
CAF X Oddball (Target>Non-Target)
Activations in superior frontal gyrus, frontal pole
and para-cingulate gyrus
(Park et al., 2014) 14 fMRI 200 mg Attention Finger tapping - JMRI
7 PET Motor reaction after cue CAF>Placebo



Activations in Cerebellum (1), putamen, thalamus,
insula, precentral gyrus (1)

Deactivations in VMPFC, precuneus, posterior
lateral cortex (1)

PET (glucose metabolism)
Deactivations in posterior medial cortex, striatum,
insula and pallidum

(Bendlin et al., 2007) 21 fMRI ~222 mg Novelty Word stem No effect No effect
processing completion task
alertness
(Addicott et al., 2012) 45 fMRI 250 mg Reaction Time Simple reaction No effect Reduction in BOLD time course parameters TTP,
17 time task FWHM, CBF

Decreased BOLD contrast activation

(Kahathuduwa et al., 9 fMRI 160mg Reaction time Visual color No effect No effect in BOLD responses

2018) stimulus Response to distractors: decreased mind

discrimination wandering, decreased early visual attention to
task target stimuli

Resting State'

(Wu et al., 2014) 17 RS{MRI 200 mg Resting state - - CAF decreases FC in motor cortex and visual
cortex, no difference for DMN

(Volkow et al., 2015) 20 PET 300 mg Resting state - - CAF increases D2/D3R receptor availability in
putamen and ventral striatum

(Kaasinen et al., 2004) 8 PET 200 mg Resting state - - Decrease in thalamic [11C]raclopride binding
potential.
Trend level increase in ventral striatum
[11C]raclopride binding potential

Mood

(Smith et al., 2012) 14 fMRI 250 mg Emotional Face Emotional Face Increased self-rated

Processing

Processing Task,
Simple Visual
Task

anxiety and blood
pressure
(angry/fearful faces)

CAF induces threat-related midbrain-
periaqueductal gray activation (angry/fearful
faces > happy faces). Abolishment of threat-
related medial prefrontal cortex wall activation

MeSH terms as used in our previous systematic review (Repantis et al., 2010) adapted for a search for imaging studies. Databases:
Pubmed database and scholar.google.com. Inclusion of healthy adults, exclusion of participants with a history or presence of mental and
physical diseases, study publication dates between 1990 and March 2021, only publications in English language, CAF>PLA = main
drug effect, CAF X Task = interaction between drug and task, RS = Resting state, FC = Functional Connectivity, NIRS = near infrared



spectroscopy, HbO = oxyhemoglobin, HbR = deoxyhemoglobin, ! example of some RS studies, inclusion of all RS studies on CAF
would have exceeded the scope of this paper., | = left, r = right.



Table S4. Peak Voxels of activated clusters during learning and resting condition

Region BA MNI coordinates Laterality t-score k
X Y Z

Learning>Resting
Calcarine gyrus 17 12 -91 5 R/L 11.36 268
SMA 6 -6 8 59 R/L 10.34 126
Inferior frontal gyrus 44 -48 8 29 L 10.15 358
Inferior temporal gyrus 37 -42 -64 -10 L 9.95 166
Fusiform gyrus 20 -30 -34 -22 L 9.57 88
Precentral gyrus 6 -42 -1 53 L 7.27 61

Resting>Learning
Middle cingulate cortex 6 3 -19 41 R/L 10.64 1220
Inferior parietal lobe (PFcm) 40 51 -28 23 R/L 9.56 485
Middle orbitofrontal cortex 32 3 26 -10 R/L 8.56 173
Insula 13 -42 -11 11 L 8.31 107
Superior frontal gyrus 9 21 35 35 R 8.24 125

BA = Brodmann area, p < 0.05 (FWE corrected), N = 39; FWE = Family-wise error corrected, R = right, L = left.



Table S5. Peak Voxels of activated clusters during recognition and control condition

Region BA MNI coordinates Laterality t-score k
X Y Z

Recognition>Control
Inferior parietal lobe 40 39 -40 41 R/L 6.36 1835
Caudate nucleus -18 14 8 L 5.33 77
Middle temporal gyrus 41 -48 -37 -7 L 5.86 103
Precentral gyrus 44 -36 8 32 R/L 5.73 344
Inferior occipital gyrus 18 -33 -85 -10 L 4.66 86
Precuneus 18 9 -87 17 R/L 4.87 305
Medial cingulate cortex 9 -3 29 35 R/L 4.15 41

Control>Recognition
Rectal Gyrus 11 -3 32 -16 R/L 6.27 228
Insula 13 42 -10 -4 R/L 6.48 697
Inferior Parietal Cortex (PF) 2 63 -28 35 R/L 6.44 598
Paracentral lobus 3a 15 -37 50 R/L 5.77 573
Gyrus parahippocampalis 36 33 -25 -19 R 5.95 57
Hippocampus 34 54 -58 11 R/L 5.69 57
Posterior cingulate cortex 18 9 -49 23 R/L 4,76 44
Hippocampus 34 -24 -13 -19 L 4.70 28
Calcarine Gyrus 18 24 -52 8 R 4.06 26

BA = Brodmann area, p <.001, N = 39, FWHM 8.6411 8.5912 8.3449, two-tailed, k > 23.



Figures

A Learning>Resting
t-values

Figure S1. BOLD signal changes during learning and recognition task. Signal increase during (A) encoding, p < .05, FWE
corrected, and (B) recognition, p <.001, FWHM 8.7394 8.6916 8.3495, two-tailed, £ > 23 in 39 participants. L = left, R = right.
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