UCLA
UCLA Previously Published Works

Title
Risky Decision Making in Neurofibromatosis Type 1: An Exploratory Study.

Permalink
https://escholarship.org/uc/item/6zt3{338

Journal
Biological psychiatry. Cognitive neuroscience and neuroimaging, 2(2)

ISSN
2451-9022

Authors

Jonas, Rachel K
Roh, Eun]i
Montojo, Caroline A

Publication Date
2017-03-01

DOI
10.1016/j.bpsc.2016.12.003

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6zt3j338
https://escholarship.org/uc/item/6zt3j338#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2018
March 01.

Published in final edited form as:
Biol Psychiatry Cogn Neurosci Neuroimaging. 2017 March ; 2(2): 170-179. doi:10.1016/j.bpsc.
2016.12.003.

Risky Decision Making in Neurofibromatosis Type 1: An
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Abstract

Background—Neurofibromatosis type 1 (NF1) is a monogenic disorder affecting cognitive
function. About one third of children with NF1 have attentional disorders, and the cognitive
phenotype is characterized by impairment in prefrontally-mediated functions. Mouse models of
NF1 show irregularities in GABA release and striatal dopamine metabolism. We hypothesized that
youth with NF1 would show abnormal behavior and neural activity on a task of risk-taking reliant
on prefrontal-striatal circuits.

Methods—Youth with NF1 (N=29) and demographically comparable healthy controls (N=22),
ages 8-19, were administered a developmentally sensitive gambling task, in which they chose
between low-risk gambles with a high probability of obtaining a small reward, and high-risk
gambles with a low probability of obtaining a large reward. We used functional magnetic
resonance imaging (fMRI) to investigate neural activity associated with risky decision making, as
well as age-associated changes in these behavioral and neural processes.

Results—Behaviorally, youth with NF1 tended to make fewer risky decisions than controls.
Neuroimaging analyses revealed significantly reduced neural activity across multiple brain regions
involved in higher-order semantic processing and motivation (i.e., anterior cingulate,
paracingulate, supramarginal, and angular gyri) in patients with NF1 relative to controls during the
task. We also observed atypical age-associated changes in neural activity in patients with NF1,
such that during risk taking, neural activity tended to decrease with age in controls, whereas it
tended to increase with age in patients with NF1.
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Conclusions—Findings suggest that developmental trajectories of neural activity during risky
decision-making may be disrupted in youth with NF1.

Keywords

Neurofibromatosis Type I; Development; Decision-Making; Functional MRI; Phenotype-
Genotype; Psychiatric Disorders

Introduction

Neurofibromatosis type 1 (NF1; MIM 162200), a monogenic disorder caused by mutations
in the neurofibromin gene on chromosome 17, is one of the most common single gene
disorders affecting cognitive function (prevalence 1:3500) (1). Physical features include the
formation of peripheral nerve sheath tumors, café-au-lait spots, and Lisch nodules (2). About
one-third of children with NF1 meet diagnostic criteria for attention deficit hyperactivity
disorder (ADHD), and the cognitive phenotype includes impairment in prefrontally-
mediated functions that encompass attention, working memory, and inhibitory control (3).

The NI gene codes for the neurofibromin protein, which acts as a tumor suppressor that
modulates the Ras signaling transduction pathway (4). Neurofibromin, a large cytoplasmic
protein, is a negative regulator of Ras, and acts to keep it in its inactive, GDP-bound state.
Mutations in the Nf1 gene lead to compromised neurofibromin activity, and thus overactivity
of Ras, resulting in dysregulation of cell growth and proliferation.

Mouse models of NF1 have uncovered Ras-signaling dependent increases in GABA release
(5-7) and deficits in plasticity that contribute to their learning and memory deficits. These
mouse models have also shed light on irregularities in dopaminergic metabolism in this
disorder (8). In NF1, tyrosine hydroxylase (TH), a precursor to dopamine, is reduced,
leading to lower dopaminergic signaling (3). In addition to increases in GABA release in the
striatum (7), Brown et al. (8) found reduced levels of dopamine in this structure in NfZ
mutant mice, and reduced rearing in response to novel objects, suggesting a dampened
response to novel stimuli. In addition to treatments that target Ras signaling (9; 10), drugs
that increased dopaminergic levels (i.e. methylphenidate or L-DOPA) rescued these
behavioral deficits (8). Another study in a mouse model of NF1 found that deficiencies in
dopaminergic signaling also appear to contribute to deficits in learning and memory (11). In
humans, the stimulant methylphenidate (MPH) has been used to treat attentional deficits in
patients with NF1, which acts by blocking dopamine reuptake, thus increasing extracellular
dopamine (12; 13). Although it is still unknown how neurofibromin regulates dopamine
homeostasis in the brain, a recent review of cognitive dysfunction in NF1 points towards
dopamine as a possible molecular target for remediating cognitive and psychiatric symptoms
in patients with NF1 (3). Recent evidence from animal models suggests that dopaminergic
neurotransmission in the striatum plays a direct role in risky decision-making, in that it
signals preference for making a risky or safe decision (14; 15). Further, individual
differences in dopaminergic neurotransmission have been thought to underlie variability in
risky decision-making in humans (16). Lastly, while little work has been done on inhibitory
control in patients with NF1, a recent study found impaired impulse control in children and
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adolescents with NF1 on a visual go/no-go task, which was associated with reduced
electroencephalography (EEG) correlates of inhibitory control (17). These authors also
found reduced relative GABA levels in medial frontal regions of the brain in patients with
NF1, as measured by magnetic resonance spectroscopy (MRS), which were directly related
to severity of impulse control problems. This work warrants further investigation of
decision-making processes in NF1, and their underlying neural substrates.

Based on these findings, we hypothesized that patients with NF1 would show abnormal
behavior on a task of risk-taking shown to be reliant on the striatum and orbitofrontal cortex
(OFC). The Cake Gambling Task (18) was developed as a child-friendly task to measure
risky decision-making with varying amounts of potential reward. Participants are asked to
choose between low-risk gambles with a high probability of receiving a small reward, and
high-risk gambles with a low probability of obtaining a large reward. To date, this task has
been used to investigate risky decision making in typical development; findings indicate that
healthy youth tend to make riskier decisions as the potential reward is increased, and risk-
taking in the low reward conditions tends to decrease with age (18). Functional MRI (fMRI)
results revealed that risky decisions were associated with increased activation in the
ventromedial prefrontal cortex (vmPFC) and ventral striatum (VS), while cautious choices
were associated with activation in the dorsolateral prefrontal cortex (dIPFC). Interestingly,
this study also observed an adolescent-specific peak in vmPFC activation while making
risky decisions, and an adolescent-specific peak in the VS when receiving reward feedback.
The authors also found that older participants showed decreased activation in the dorsal
anterior cingulate (ACC) during risky decision-making. Further, the tendency to make risky
decisions was associated with decreased activation in the ACC and lateral OFC (19; 20).

To our knowledge, no studies of reward-based decision-making have been conducted in
youth with NF1. Given the neurophysiological results in mouse models and the behavioral
profile of NF1, we predicted that youth with NF1 would be more risk-averse than healthy
individuals, particularly when the potential reward is high. Because of the increases in
GABA-mediated inhibition previously documented in the prefrontal cortex of NF1 mouse
models and associated hypoactivation of specific prefrontal structures in NF1 subjects (7),
we hypothesized that patients with NF1 would not show the expected increases in neural
activity in vmPFC during risky decision-making, nor increases in DLPFC activity during
safe decision-making. Consequently, we also anticipated altered age-related trajectories
during both risky and safe decision-making in patients with NF1. Additionally, we predicted
that the relationship between individual risky decision-making and neural activity may differ
in patients with NF1 versus controls. Lastly, based on findings in the mouse model
indicating reduced dopamine levels and abnormal reward sensitivity (8), we predicted that
patients with NF1 wouldn’t show an increase in VS activity when receiving positive
feedback.

Methods and Materials

Participants

51 participants (29 patients with NF1 and 22 healthy controls, aged 8-19, were included in
the study. Participants in the study were recruited from three primary sources: 1) The
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Children’s Hospital Los Angeles Neurofibromatosis Clinic, a major NF1 referral center for
the greater Los Angeles region; 2) local Children’s Tumor Foundation and NF Network
family educational symposia; 3) NF-related websites as well as www.clinicaltrials.gov. All
aspects of the research study were granted IRB approval by the University of California, Los
Angeles prior to the collection of any data. All participants underwent verbal and written
consent after study procedures were fully explained, and their parents or guardians also
completed written consent.

Patients with NF1 were screened and enrolled by a pediatric neurologist (T.R.), and had a
confirmed diagnosis of Neurofibromatosis Type I, according to NIH criteria (21). Exclusion
criteria are listed in Supplementary Information. Demographic information for the sample is
presented in Table 1.

Cognitive and Psychiatric Testing

Procedure

Supervised clinical psychology doctoral students administered neurocognitive and
psychiatric evaluations to study participants. 1Q data were acquired with the WASI (22).
Psychiatric diagnostic information was determined via parental interview using the
Computerized Diagnostic Interview Schedule for Children (C-DISC) (23) and/or participant
interview via the Structured Clinical Interview for DSM-1V Axis | Disorders (SCID) (24).

All participants first received extensive instructions in a quiet testing room, and performed
11 practice trials before their scan. They were told that they should attempt to win as many
trials as possible, and that at the end of the scan they would receive a prize corresponding to
their performance on two randomly selected outcomes. Participants all received the same
amount of money at the end of the scan; younger participants were given the option to
choose a reward from a prize box.

Cake Task Description

The fMRI task was adapted from the Cake Gambling Task (18), a child-friendly gambling
task in which subjects are asked to choose between a low- and a high-risk gamble,
associated with varying probability of reward (Figure 1). These probabilities are represented
visually, as a circle with six distinct "wedges", which are brown and pink (4:2 ratio). Two
squares are located beneath the circle, in which the rewards associated with the colors are
presented as stacks of coins. On each trial, subjects choose a color, and receive a reward
based on the probability described above (66% for low-risk gambles and 33% for high-risk
gambles). The reward value associated with the high-risk choice varies (4, 8, 12, or 16 coins)
and remains constant for the low-risk choice (2 coins). There were 84 total trials, with 21
trials per condition, which were separated into two blocks.

fMRI Acquisition

Neuroimaging data were collected on a 3T Siemens Trio MRI scanner at the Center for
Cognitive Neuroscience at the University of California, Los Angeles. Functional data were
acquired using T2*-weighted echoplanar images. While participants completed the task, 400
functional T2* echoplanar images were collected. As in Van Leijenhorst et al (2010) (25),
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two separate scans were acquired (seven minutes each), in order to check in with participants
mid-scan. The two scans were subsequently combined for analysis (described below).

Each trial had the following structure: A jittered fixation cross was presented, varying
between 300 and 5250 ms [using fsloptseq?2; see http://surfer.nmr.mgh.harvard.edu/optseq/
(26)], followed by the stimulus for 2500 ms. Participants were instructed to respond during
the stimulus presentation using either their index finger (brown choice) or middle finger
(pink choice). Another jitter crosshair appeared, and then response feedback was given for
2000 ms. For correct outcomes (win), participants were shown the color that they chose, and
the amount of money earned. For incorrect outcomes (loss), they were shown a stack of
coins with a grey cross through it.

Additionally, a T2-weighted matched-bandwidth high resolution anatomical scan, and
MPRAGE were collected (see Supplementary Information). Foam inserts were placed
around the participants’ head to minimize head motion.

fMRI Preprocessing

fMRI analyses were performed using the FMRI Software Library (FSL)
(www.fmrib.ox.ac.uk/fsl), version 5.0 (27). We excluded participants with translational
motion that exceeded 4mm (NF1=11, Controls=5).

For participants retained in the analysis, images were first realigned to compensate for small
head movements (28) Data were spatially smoothed using a 5-mm full-width-half-maximum
Gaussian kernel. The data were filtered in the temporal domain using a nonlinear high-pass
filter with a 100 second cutoff. The registration process first included registering the EPI
images to the matched-bandwidth high-resolution scan, then to the structural MPRAGE
image, and lastly into standard (Montreal Neurological Institute (MNI)) space, using
nonlinear transformations. We ran each of the scans through a separate first-level analysis.
These were then combined into a second-level analysis, before running group analyses. The
two scans did not systemically differ from one another with regard to behavioral
performance, nor patterns of neural activity (see Supplementary Information).

Behavioral Analyses

Cognitive and clinical data were processed using SPSS software v. 23 (IBM). We compared
demographic characteristics between groups using independent-sample t-tests for continuous
variables, and chi-square tests for categorical variables. Primary analyses of behavioral
response data assessed how risk-taking changes as potential reward increases, and the
relationship of risky decision-making to age. We used repeated-measures ANOVA to
compare overall risk-taking across conditions between groups, and a univariate ANOVA to
compare risk-taking between groups within each separate condition (4, 8, 12, or 16 coins).
Additionally, paired t-tests were used to compare risk taking for the lowest (4 coins) vs.
highest reward condition (16 coins) within each group. Age and gender were included as
covariates in all behavioral analyses. To explore the relationship between risk-taking and age
we used Pearson partial correlations controlling for gender. We also investigated post-
feedback behavior, looking specifically at the tendency to make risky vs. safe decisions after
receiving either a win or a loss. Separate univariate ANOVAS for post-win and post-loss
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were used to compare the percentage of trials in which the subject made a risky vs. safe
choice, between groups. Secondary analyses investigated whether individual differences in
1Q or diagnosis of ADHD may contribute to decision-making behavior.

fMRI Analyses

Results

Behavioral

Standard model fitting was conducted for all subjects. After convolution with a canonical
gamma hemodynamic response function, the following events were modeled: all risky
decisions > baseline, all safe > baseline, all risky > all safe, all safe > all risky. We modeled
both the decision-phase of the task (length determined as the reaction time between stimulus
onset and participant response; <2500 ms), and the outcome-phase of the task (2000 ms).
The six motion parameters as well as a motion outlier confound matrix produced by FSL
motion outliers, designed to detect individual timepoints in the dataset that have been
corrupted by excessive mation (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLMotionOutliers),
were included as covariates of no interest. Among participants included in the fMRI
analyses, there were no differences in translational motion between patients with NF1 and
controls (p=0.15).

For group-level statistics, we investigated neural activity for the following contrasts: mean
NF1 > baseline, mean control > baseline, NF1 > control, control > NF1, and age by group
interactions in both directions. We investigated these for both the decision phase of the task
(defined by the time between when the stimulus was first displayed, and when the
participant gave a response) and the outcome phase of the task (during feedback; 2000 ms).
We also ran a separate analysis, including the overall percentage of risky decision-making
(defined as the percentage of time participants chose the low probability option) as a
covariate, in order to determine the relationship between neural activity and behavioral
propensity to make risky decisions, both between and across groups.

Group-level statistics images were thresholded with a cluster-forming threshold of 2> 2.3
and a cluster probability of p<0.05, corrected for whole-brain multiple comparisons using
Gaussian random field theory. Brain regions were identified using the Harvard-Oxford
cortical and subcortical probabilistic atlases. For reporting of clusters, we used the cluster
command in FSL, and calculated percent signal change in these regions, according to
methods described by Mumford and colleagues (29). A list of clusters for each contrast is
described in Supplementary Tables S1-S5. Figures were visualized using BrainNet Viewer, a
MATLAB graphical user interface (30).

Demographic characteristics—The total sample consisted of 51 participants (N=29
NF1, 22 controls). After excluding 16 subjects for excessive motion, as described above,
fMRI data were available for analysis for 36 participants (N=18 NF1, 18 controls). As
shown in Table 1, patients with NF1 were demographically matched with controls on age,
gender, education, ethnicity, and parental education. Consistent with previous literature (3),
patients with NF1 showed significantly decreased 1Q as compared to controls (p<0.001**).

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2018 March 01.


http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLMotionOutliers

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jonas et al. Page 7

Cake Task

Behavioral Results: Overall, patients with NF1 showed a non-significant tendency to make
fewer risky decisions across all reward categories, as compared to controls (p=0.105; Figure
2a), a finding which appeared to be driven by high-reward categories (12 coins: p=0.030, 16
coins: p=0.081).

Relationship with Age: We did not find a behavioral relationship between risky decision-
making and age in patients with NF1 or controls (see Supplementary Figure S4).

Post-Feedback Behavior: Next we investigated how wins and losses affect subsequent trial
behavior in patients with NF1 and controls. After receiving positive feedback (win), patients
with NF1 were more likely than controls to make a safe decision (p=0.05; Figure 2b).
Patients and controls did not differ in behavioral responses after receiving negative feedback
(loss).

fMRI Results

Decision Phase—When making risky decisions, patients with NF1 showed decreased
neural activity as compared to controls in multiple regions, including the paracingulate
cortex and anterior cingulate cortex (Figure 3a). Similarly, when making safe decisions, NF1
patients showed decreased activity relative to controls in the supramarginal gyrus and
angular gyrus (Figure 3b). No regions were found in either of these contrasts in which
patients with NF1 showed increased neural activity compared to controls. When
investigating the effect of age, we found an age by group interaction for risky decisions
versus safe decisions in several regions, including the middle frontal gyrus and frontal pole.
Specifically, older controls showed decreased activity in these regions during risky decision-
making, whereas patients with NF1 showed the opposite pattern (Figure 4). When
investigating the relationship between neural activity and risky decision-making (overall
percentage of risky decisions made throughout the entire task), we found that controls with a
higher tendency to make risky decisions showed decreased activity in the posterior cingulate
cortex and frontal pole, whereas patients with NF1 showed increased activity in these
regions in relation to risky decision making (Figure 5).

Outcome Phase—When receiving positive feedback (win), as compared to negative
feedback (loss), controls showed increased activity in the nucleus accumbens, caudate, and
putamen; in contrast, patients with NF1 did not show any differences in neural activity for
win vs. loss (Supplementary Figure S6).

Secondary Analyses—We conducted a secondary analysis in order to determine whether
individual differences in 1Q or ADHD diagnosis contributed to differences in risky decision-
making. We did not find a significant relationship between 1Q and risky decision-making in
either patients with NF1 (r=-0.05, p=0.803) or controls (r=0.35, p=0.13). Finally, there was
no significant effect of ADHD status on risky decision-making in patients with NF1
(p=0.91).
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Discussion

This is the first known study to investigate risky decision-making in patients with NF1, a
highly relevant area of investigation given the high rates of ADHD, hypothesized
dopaminergic and GABAergic dysregulation in corticostriatal networks in this clinical
population. Behaviorally, patients with NF1 tended to be less likely than controls to make
risky decisions when the potential reward was high. They showed reduced neural activity in
regions associated with reward, both during the decision-making and the outcome phases.
Further, they did not show the typical age-related neural trajectories seen in controls,
particularly in prefrontal regions.

Tendency towards decreased risky decision-making in patients with NF1

Our behavioral findings are suggestive of lower reward sensitivity in patients with NF1 as
compared to controls, consistent with the notion that lower striatal dopamine levels are
associated with decreased sensitivity to reward (31). In a mouse model of NF1, lower
dopaminergic levels were found in the striatum (8), which may contribute to abnormalities in
attentional and reward-based cognitive functions. The mice were given drugs that increased
dopaminergic levels, which rescued the behavioral deficits, suggesting that abnormal
dopaminergic homeostasis has a role in this behavior in NF1 patients (8). Relatedly, patients
with Parkinson’s disease, who have decreased dopamine levels in the striatum, show deficits
on a variety of reward-based tasks, which are remediated with dopamine agonist therapy
(32).

Neural activity during risky and cautious decision-making

When making risky (relative to safe) decisions, patients with NF1 showed decreased neural
activity in the paracingulate and anterior cingulate cortex, whereas controls showed
increased activity. Both of these regions have been implicated in reward processing (33; 34).
When making a safe decision, controls showed increased supramarginal and angular gyrus
activity, relative to patients with NF1. In a previous study of healthy individuals, risky
decision-making was associated with increased regional activity in the medial PFC, whereas
increased activity in dorsolateral PFC was observed during safe decision-making (25). The
angular gyrus is considered a functional hub within the default mode network, involved in
self-referential mentation (35). It is also implicated in spatial representations of numbers
(36). The decrease we observed in task-based neural activity within this region has also been
observed in the resting state in patients with NF1 (37). Consistent with the directionality of
our findings, prior fMRI studies have also found decreased neural activity in patients with
NF1 relative to controls within the context of visual processing (37-39), and spatial working
memory tasks (7).

The relationship between age and neural activity during risk-taking

When making risky decisions, patients with NF1 showed atypical age-related neural
trajectories as compared to controls. In controls, age-associated decreases during risky
decision-making were seen in the middle frontal gyrus and frontal pole, whereas patients
with NF1 showed the opposite pattern. The prior study employing this task in healthy
individuals found age-related decreases in neural activity in the anterior cingulate (25),
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which they attribute to a decreased need for cognitive control with increasing age. Frontal
pole engagement has been linked the integration of higher-level cognitive processes (40),
and specifically to processing effort and risk costs (41). The decreased activity we see in
healthy individuals is consistent with the hypothesis of a reduced need for neural effort with
increasing age. Patients with NF1 do not show this pattern, suggesting an altered
maturational trajectory (42).

Individual differences in risk-taking and neural activity

In controls, a tendency to make risky decisions was associated with decreased activity in the
frontal pole and posterior cingulate, whereas the opposite pattern was found in patients with
NF1. The directionality of our findings in healthy individuals is consistent with that
observed by Van Leijenhorst et al. (25). Decreased activity in the frontal pole (involved in
cognitive control and integration of higher-order functions) and the posterior cingulate (a
functional hub of the default mode network) in individuals with high levels of risk-taking
may reflect a lack of control and inhibition, resulting in riskier behavior. The positive
relationship between risk-taking and neural activity in patients with NF1 suggests that
deciding to make a risky decision may be a more cognitively demanding process for them.

Neural activity during positive outcome

When receiving positive feedback after making a decision, controls showed increased neural
activity in the nucleus accumbens, caudate, and putamen, whereas patients with NF1 did not
show this pattern. Similarly, Van Leijenhorst et al (25) found an adolescent-specific peak in
the VS in response to a reward, which aligns with the average age of participants in our
study. Consistent with this, reward anticipation is associated with activation of a cortico-
basal ganglia circuit, known to be modulated by dopamine in the VS (43). The lack of
increased striatal activity in patients with NF1 when winning a reward may reflect decreased
reward sensitivity in this group, consistent with findings of enhanced GABAergic (7) and
altered dopaminergic function in striatal regions in an NF1 mouse model (8).

Neuroimaging findings in idiopathic ADHD

Limitations

Given the high rates of ADHD in patients with NF1 (41% of our patient sample; 58% of
those with the “inattentive type”, 42% with the “combined type”, and none with the
“hyperactive type”), it is worth noting general patterns from task-based functional
neuroimaging studies of idiopathic ADHD. Several fMRI studies of executive function tasks
have found globally decreased activation in patients with idiopathic ADHD compared to
controls (44) . Smith et. al found decreased insula and inferior frontal gyrus activity in
patients with ADHD during a response inhibition task (45), and Scheres et al found that
patients with ADHD showed decreased striatal activity during reward anticipation on a
monetary incentive task (46). Our findings of hypoactivation during decision-making are
consistent with the directionality of this prior work in idiopathic ADHD.

Several limitations of the current study must be noted. First, the size of our sample with
usable imaging data is relatively small, which reduces our statistical power. Given the
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prevalence of NF1 (1:3500), accruing large samples is challenging; our sample size is
similar to prior neuroimaging studies in this patient population. Secondly, given the age
range of our sample, and the high rate of attentional problems in those with NF1, many
participants had to be excluded due to excess motion. Notably, however, there were no
significant differences in motion in patients with NF1 vs. controls included in the analysis,
indicating that our results are not an artifact of differential motion. Lastly, the link between
GABA and hemodynamic response, as measured by the BOLD signal, is complex. GABA
concentration has been shown to be reduced in patients with NF1 (47), and more research is
warranted to determine how this may play a role in the BOLD response in patients with NF1
(48).

Conclusions

In the first study to investigate the functional neuroanatomy of risky decision-making in
youth with NF1, we found a tendency toward more conservative decision making,
concomitant with reduced activity of brain regions critical for higher-order semantic
processing and motivation, in patients with NF1 relative to typically developing controls.
Future PET studies are warranted to investigate dopamine receptor occupancy in the brains
of patients with NF1, and the relationship to reward-related behavior.

Further work should also investigate how differences in risk-taking develop across the
lifespan, and how they may interact with clinical symptomatology of NF1. Additionally,
given pre-clinical evidence for reduced striatal dopamine and enhanced GABAergic function
in NF1, studies that directly investigate the role of striatal dopaminergic and GABAergic
function in reward processing in human patients with NF1 are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The Cake Gambling Task. Participants are asked to choose between low-risk gambles with a

high probability of obtaining a small reward (2 coins), versus high-risk gambles with a
smaller probability of obtaining a higher reward (4-16 coins). In total, there were 84 trials,
with 21 trials per condition. The trials were presented in an event-related fashion, and the
order was consistent among subjects.
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Figure 2.
Behavioral results on the Cake Gambling Task.

A. Overall Performance. Patients with NF1 showed reduced risky decision-making relative
to controls in the 12 coin condition (p=0.030), and a trend towards reduced risky decision-
making in the 16 coin condition (p=0.081). Both groups showed an increased tendency to
make risky decisions with higher reward (p=0.004 in controls; p=0.014 in NF1 patients).

B. Post Feedback Behavior. After receiving positive feedback (win), patients with NF1 were
more likely than controls to make a safe decision (p=0.050). The groups did not differ on
their responses after a loss.
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Figure 3.
fMRI results for neural activity during risky and safe decision making. Clusters represent

regions where controls show significantly increased activity as compared to patients with
NF1. Graphs represent percent signal change.

A. Risky choice. We found significantly increased activity in the paracingulate cortex
(p=6.56e-07) and anterior cingulate cortex (p=9.67e-05) in controls relative to NF1 patients.
B. Safe choice. Controls showed significantly increased activity in the supramarginal gyrus
(p-5.32E-11) and angular gyrus (p=4.83E-06) relative to NF1 patients.
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Figure 4.
fMRI results for neural activity during risky vs. safe decision making, and relationship with

age. Clusters represent regions that showed a significant group by age interaction effect for
risky vs. safe decisions. We found a significant interaction in the middle frontal gyrus and
frontal pole, such that controls showed a negative relationship between neural activity and
age, whereas patients with NF1 showed increasing neural activity with increasing age.
Graphs represent percent signal change. Pearson correlation values: frontal pole: NF1:
r=0.60, p=0.01; Controls: r=—0.49, p=0.04; angular gyrus: NF1: r=0.34, p=0.18; Controls: r=
-0.76, p<0.01.
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Figure 5.
fMRI results for neural activity during risky vs. safe decision making, and relationship with

individual propensity to make risky decisions. Clusters represent regions that showed a
significant group interaction .Specifically, we found a significant interaction in the posterior
cingulate cortex and frontal pole, such that controls showed a negative relationship between
neural activity and risky decision-making, whereas patients with NF1 showed a positive
relationship between neural activity and risky decision-making. Graphs represent percent
signal change. Pearson correlation values: posterior cingulate: NF1: r=0.64, p<0.01;
Controls: r=-0.57, p=0.02; frontal pole: NF1: r=0.41, p=0.10; Controls: r=-0.47, p=0.06.

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2018 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Jonas et al.

Table 1

Demographic characteristics of study participants.

NF1 (N=29) Controls (N=22) p value

Age (mean, SD, range) 11.93 (2.64), 8-16 12.73 (3.49), 8-19 0.381

Gender 14M, 15F 13M, 9F 0.443
Ethnicity (% Latino) 38% 32% 0.651
Full Scale 1Q (mean, SD) 93.79 (2.95) 112.50 (3.33) <0.001**
ADHD Diagnosis (%) 41%
Participant Education (years) 6.55 6.95 0.637
Highest Parental Education (years) 15.65 16.59 0.278

*Usable fMRI data were available on 36 participants (NF1: N=18, Control: N=18)

*Seven of the NF1 patients with ADHD were taking psychostimulant medication at the time of testing
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