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Abstract

Deficits in motivation and pleasure are common across many psychiatric disorders, and
manifest as symptoms of amotivation and anhedonia, which are prominent features of both mood
and psychotic disorders. Here we provide evidence for a shared transdiagnostic mechanism
underlying impairments in motivation and pleasure across major depression, bipolar disorder,
and schizophrenia. We found that value signals in the ventromedial prefrontal cortex (vmPFC)
during decision-making were dampened in individuals with greater motivational and hedonic
deficits, regardless of the primary diagnosis. This relationship remained significant while
controlling for diagnosis-specific symptoms of mood and psychosis, such as depression as well
as positive and negative symptoms. Our results demonstrate that dysfunction in the vmPFC
during value-based decision-making is specifically linked to motivational and hedonic
impairments across various psychiatric conditions. These findings provide a quantitative neural

target for the potential development of novel treatments for amotivation and anhedonia.
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Reductions in motivation to pursue or ability to experience pleasure, clinically termed
amotivation and anhedonia, are commonly seen across a wide range of neuropsychiatric
disorders and are particularly prominent in mood and psychotic disorders. These motivational
and hedonic symptoms are difficult to treat and have been linked to suicidal ideation (Ballard et
al., 2017; Ducasse et al., 2018), cognitive dysfunction (Franke et al., 1993; MclIntyre et al.,
2016), and poor clinical prognosis (McMakin et al., 2012). A growing number of theoretical
papers have proposed that these symptoms may arise from a shared disruption in the brain’s
reward valuation processes that occurs across many diagnostic classes of disorders (Barch et al.,
2016; Husain & Roiser, 2018; Lambert et al., 2018; Whitton et al., 2015; Winograd-Gurvich et
al., 2006). However, although many existing studies have compared the neural processing of
rewards in cases and controls, only recently have neuroimaging studies begun to investigate
motivation and pleasure using a transdiagnostic approach (Arrondo et al., 2015; Gradin et al.,
2011; Park et al., 2017; Schilbach et al., 2016; Segarra et al., 2016; Sharma et al., 2017). Here we
take such a transdiagnostic, dimensional framework to reveal a common circuit-level mechanism
for amotivation and anhedonia across disorders, which involves disruptions in specific
computational neural signals important for decision-making.

Specifically, we test the hypothesis that motivational and hedonic deficits are associated
with dampened neural signals of the value of potential outcomes during decision making. This
hypothesis builds on much research in decision neuroscience identifying reliable and replicable
neural correlates of value during decision-making in the ventromedial prefrontal cortex (vmPFC)
and ventral striatum (VS) (Bartra et al., 2013). Intriguingly, both of these regions exhibit
functional and morphological abnormalities in mood and psychotic disorders (Satterthwaite et

al., 2015; Wolfet al., 2014; Zhang et al., 2016). A disruption of neural value signals in these
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regions could lead to indifference when choosing between rewards or an unwillingness to expend
effort for rewards that maps on to amotivation and anhedonia symptoms.

Our focus is on neural correlates of decision value, a signal about available rewards at the
time a decision is made, in contrast to the focus in many previous studies on neural correlates of
experienced value, a signal at the time a reward or conditioned cue is experienced (Platt &
Plassmann, 2014). Many previous investigations of mood and psychotic disorders have measured
neural activity at the time of receiving (e.g., gambling tasks (Delgado et al., 2000), guessing
paradigms (Hajcak et al., 2006) or anticipating reward feedback (monetary incentive delay task
(Knutson et al., 2000)). Though many of these studies have observed reduced neural signals of
experienced value in response to either positive stimuli (Epstein et al., 2006; Harvey et al., 2007;
Keedwell et al., 2005) or conditioned cues for positive outcomes (Juckel, Schlagenhauf,
Koslowski, Filonov, et al., 2006; Juckel, Schlagenhauf, Koslowski, Wiistenberg, et al., 2006;
Simon et al., 2010; Stoy et al., 2012; Wacker et al., 2009), there are also many conflicting
findings (see review Zhang et al., 2016). Furthermore, accumulating evidence suggests that
impairments in mood and psychotic disorders are primarily in the prospective consideration of
reward, rather than in enjoyment during reward consumption (Treadway & Zald, 2011). That is,
motivational and hedonic symptoms appear to primarily impact not experienced value — how
people experience rewards in the moment — but rather decision value — how they evaluate
potential rewards and decide which ones to pursue. Thus, considering this important distinction
in decision neuroscience suggests that a disruption in decision value signals might better explain
motivational and hedonic symptoms across disorders. However, to our knowledge, this

hypothesis has not been investigated transdiagnostically.
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To capture motivational and hedonic deficits across various classes of psychiatric
disorders, we analyzed the data from 81 individuals with major depressive disorder (MDD = 17),
bipolar disorder (BD = 21), schizophrenia (SCZ = 23), or no psychiatric history (HC = 20) based
on the Structured Clinical Interview for DSM-IV (SCID-1V; First & Gibbon, 2004). Our primary
measure of interest, symptoms of amotivation and anhedonia, was assessed using the Motivation

and Pleasure (MAP) scale of the Clinical Assessment Interview for Negative Symptoms
(CAINS; Kring et al., 2013). To rule out potential confounds, we also evaluated diagnosis-
specific symptoms, such as depression, positive symptoms (e.g., hallucinations, delusions,
disorganized speech), and negative symptoms (e.g., anhedonia, amotivation, alogia, flat affect,
apathy) using the Calgary Depression Scale for Schizophrenia (CDSS; Addington et al., 1990),
the Scale for the Assessment of Positive Symptoms (SAPS; Andreasen, 1989a), and the Scale for
the Assessment of Negative Symptoms (SANS; Andreasen, 1989b).

We examined neural representations of decision value in these individuals in a delay
discounting task, which involves choices between a smaller proximal reward and a larger reward
farther in the future (Kirby & MarakoviC, 1996). This paradigm was one of the first used to
identify neural correlates of decision value in the vmPFC and VS (Kable & Glimcher, 2007) and
a recent meta-analysis confirmed that both regions reliably track decision value during the task
(Schiiller et al., 2019). Because the tendency to devalue future rewards varies widely across
individuals, this task dissociates decision values from objective values (in this case, monetary
amounts) of rewards. In addition, because this decision task specifically engages the ability to
imagine the value of a future reward (i.e., no rewards are actually delivered during the task), its
emphasis on the prospective evaluation of reward aligns with the clinical manifestations of

amotivation and anhedonia. We expected that greater impairments in motivation and pleasure, as
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assessed by the CAINS MAP, would be associated with a reduced neural representation of
decision values for future rewards.
Method

Participants

Ninety participants who met clinical eligibility were recruited from a larger study
(Hershenberg et al., 2016; Wolf et al., 2014). Primary diagnosis of MDD, BD, or SCZ was
ascertained using the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-IV; First
& Gibbon, 2004), and all participants in the MDD and BD group were in a depressive episode at
the time of the scan to minimize any variance due to manic symptoms. For BD, both type I and II
were included in the study, with three participants meeting the diagnostic criteria for type II.
Healthy control participants were excluded if they met criteria for any Axis I psychiatric
disorder. Given the association between substance use and delay discounting, participants with a
history of pathological gambling, substance abuse or dependence in the past six months (with the
exception of nicotine), or a positive urine drug screen on the day of the study were excluded.
Given the evidence for elevated discount rates in cigarette smokers, coupled with the higher
prevalence of smoking in SCZ, all groups were matched on smoking status (Wing et al., 2012;
Yu et al., 2017). Of the 90 adults who met clinical eligibility, four were excluded from the
analyses due to excessive head motion during the scan, and five due to idiosyncratic responses
on the task (see Quality control analysis). Therefore, our final sample consisted of 81 participants
(Table 1). The excluded participants did not differ significantly on demographic and clinical
variables (Supplementary Table S1). All study procedures were approved by the University of
Pennsylvania’s Institutional Review Board, and all participants provided written informed

consent.
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Clinical and cognitive measures

The Clinical Assessment Interview for Negative Symptoms - Beta (CAINS) was used as
the primary measure of amotivation/anhedonia (Kring et al., 2013). The CAINS assesses
motivation and pleasure in the social, recreational, and vocational domains, and therefore is less
susceptible to environmental or external constraints than other existing scales (Strauss & Gold,
2016; Wolf et al., 2014). Given the two-factor structure of the CAINS (motivation and pleasure;
expression), we calculated an aggregate motivation and pleasure (CAINS MAP) score by taking
the mean of all relevant items. Of the 81 participants included in the analysis, 77 were also
administered the Calgary Depression Scale for Schizophrenia (CDSS; Addington et al., 1990),
the Scale for the Assessment of Positive Symptoms (SAPS; Andreasen, 1989a), and the Scale for
the Assessment of Negative Symptoms (SANS; Andreasen, 1989b). For all clinical measures,
higher scores indicate increasing levels of severity. Additionally, given the association between
discount rates and cognitive abilities (Bickel et al., 2011; Heerey et al., 2011; Hinson et al.,
2003), cognitive abilities were assessed using a subset of tasks from the Penn Computerized
Neurocognitive Battery (CNB; Moore et al., 2015), which included (neurobehavioral function;
domain): Penn Face Memory (episodic memory; face memory), Short Penn Continuous
Performance Test (executive control; attention), Penn Emotion Recognition Test (social
cognition; emotion identification), Penn Word Memory (episodic memory; verbal memory),
Short Letter N-back (executive control; working memory), Short Penn Line Orientation Test
(complex cognition; spatial ability), Short Penn Conditional Exclusion Task (executive control;
mental flexibility), Short Penn Logical Reasoning Test (complex cognition, language reasoning).
An aggregate cognitive functioning score was calculated by taking the mean of standardized

accuracy scores (z-scores) on individual tasks.
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Delay discounting task

Participants performed a delay discounting task in the scanner (Figure 1A; Kable &
Glimcher, 2010). The task consisted of 200 choices (4 runs of 50 trials) between two options:
$20 now and $X in Y days, in which X ranged from $20.50 to $50 and Y ranged from 1 to 178
days. Some versions of this task vary the amount of both immediate and delayed options (Yu et
al., 2017), but keeping the immediate option constant allows us to attribute variability in brain
activity to changes in the decision value of the delayed reward (Kable & Glimcher, 2007, 2010).
For each trial, participants had 4 s to make a response by pressing the right or left button, and the
locations of the immediate and delayed options were pseudorandomized across trials. Trials in
which the participant did not make a choice in 4 s were coded as missing. Each trial was
followed by an inter-trial interval (ITI) that ranged from 2 to 20 s (mean ITI = 6 s). Participants
were informed that one of the trials would be randomly selected for payment at the end of the
experiment; payment was provided on a debit card, available immediately or after a delay

according to the participant’s choice on the randomly selected trial. EPrime (https://pstnet.com)

2.0 was used for task presentation.
Parameter estimation

Individual discount curves were fitted using a hyperbolic function (Kirby & Herrnstein,
1995; Lempert & Pizzagalli, 2010; Myerson & Green, 1995; Rachlin et al., 1991; Richards et al.,

1999), which assumes that the decision value (DV) of the delayed reward is:

A )
DV = T (Equation 1)

where A is the amount of the reward, D is the delay to receiving the reward, and £ is the subject-

specific free parameter for their discount rate. Participants' individual choice data was fit with the
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following logistic function using maximum likelihood estimation with function minimization

routines in MATLAB:

1
P =
delayed 14+e-°PVdelayed—DVimmediate)

(Equation 2)

Pimmediate = 1 — Paelayea (Equation 3)
where o is the scaling parameter in the logistic function. Because k£ was not normally distributed
(Shapiro-Wilk’s W= 0.69, p <.001), individual k£ was transformed using logio.

Quality control analysis

Runs that were missing more than 10% of the trials (5 out of 50 trials per run), or that
were characterized by excessive head motion (see Image processing), were excluded from the
analyses. Four participants were excluded because there were fewer than two runs of usable data,
due to missing trials or excessive head motion. Additionally, participants were excluded if the fit
of the logistic model was poor, as assessed by a Tjur’s coefficient of discrimination (Tjur’s D)
less than 0.20. One participant was excluded due to poor model fit. Lastly, participants who
chose a single option (either the immediate or delayed reward) more than 99% of the time were
excluded. Three participants were excluded because they only chose the immediate option, and
one participant was excluded because they only chose the delayed option. Therefore, our
imaging and behavioral quality control analyses excluded 4 and 5 participants, respectively. For
the subjects included for analyses (N=81), the percentage of choices of the immediate option
ranged from 2.5% to 98.5% (M = 58.99, SD = 26.66).
fMRI acquisition

All images were acquired using a Siemens Tim Trio 3T and a 32-channel head coil. For
functional images, 3 mm interleaved axial slices were acquired with echo-planar T2* weighting

(repetition time [TR] = 3000 ms, echo time [TE] = 30 ms, flip angle = 90°, field of view [FOV]

10
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=192 x 192 mm, matrix = 64 x 64, slice thickness = 3 mm). Slice orientation was -30° from the
anterior commissure-posterior commissure (ACPC) plane to minimize signal drop out in the
orbitofrontal cortex. Each run consisted of 168 images, and the first 6 volumes (18 s) were
discarded to compensate for T1 saturation effects. High-resolution T1-weighted MPRAGE
anatomical images were acquired for spatial registration to a standard coordinate system (slice
thickness = 1 mm, TR = 1810 ms, TE = 3.51 ms, inversion time [TI] = 1100 ms, flip angle = 9°,
FOV = 1192 x 256 mm, matrix = 256 x 192, 160 slices). Additionally, for distortion correction, a
B0 field map was acquired using a double-echo gradient recall echo (GRE) sequence (TR = 1000
ms, TE1 2.69 ms, TE2 5.27 ms, flip angle = 60°, FOV = 240 mm, slice thickness = 4 mm).
Image processing

Image processing and statistical analyses were performed using FSL 5.0.9

(http://www.fmrib.ox.ac.uk/fsl). All volumes were corrected for differences in slice acquisition

using Fourier-space time-series phase-shifting and corrected for small head movements using
MCFLIRT (Jenkinson et al., 2002). Runs with mean relative displacement (MRD) greater than
0.30 mm were excluded. Data were smoothed using a Gaussian kernel of FWHM 6.0 mm and
filtered in the temporal domain using a nonlinear high-pass filter (Gaussian-weighted least-
squares straight line fitting with sigma = 50.0 s). To account for anatomical differences across
subjects and to allow for statistical inference at the group level, functional images were
registered to the anatomical image and spatially normalized to standard MNI space (MNI152, T1
2mm) using linear registration with FMRIB's Linear Image Registration Tool (FLIRT) and
further refined using FNIRT nonlinear registration (Andersson et al., 2007; Jenkinson et al.,
2002; Jenkinson & Smith, 2001).

fMRI analysis

11
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Using FSL’s FMRI Expert Analysis Tool Version 6.0, we fit a general linear model
(GLM) that estimated (1) averaged activity for all decisions versus rest (trial regressor) and (2)
activity that was correlated across trials with the decision value of the delayed option (DV
regressor, calculated using Equation 1 above with the subject-specific k). The first six volumes of
each run were discarded prior to analysis. All other events were modeled with a fixed duration of
4 s following the stimulus presentation, and convolved with a canonical double-gamma HRF.
Temporal derivatives of these two regressors, as well as the six motion parameters, were
included as covariates of no interest. Missed trials, in which the participant failed to make a
response in 4 s, were modeled separately.

Subsequently, all eligible runs from each participant were combined using a fixed effect
model. Group-level analyses were performed using FMRIB Local Analysis of Mixed Effects
module (Beckmann et al., 2003). For region-of-interest (ROI) analyses, we used vimPFC and VS
masks from a meta-analysis of 206 published studies examining the neural correlates of decision
value (See Figure 6A in Bartra et al., 2013). To test for any differences in activations across
groups, an F-test was performed. To test for the main effect of CAINS MAP across the whole
brain, individual MAP scores were demeaned and included in the GLM as an explanatory
variable. Thresholded Z statistic images were prepared by using a threshold of Z> 3.1 and a
corrected extent threshold of p < 0.05, familywise error-corrected using Gaussian Random Field
Theory (Poline et al., 1997). In all multisubject statistics, outliers were de-weighted using
mixture modeling (Woolrich, 2008).

Statistical analyses
Parameter estimation and quality control analyses were performed in MATLAB R2016b

(Mathworks). All imaging analyses were performed in FSL 5.0.9. All statistical analyses were

12
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performed in R 3.5.2 (CRAN). All pairwise t-tests were corrected for multiple comparisons using
Holm’s method (Holm, 1979). For confound analysis, DV-related activity in the ROI was
regressed on each covariate separately to identify significant covariates. All multiple linear
regression models were performed to statistically control for sociodemographic variables (sex,
age, education, race, and ethnicity). All categorical variables were binarized (0 or 1) and
continuous variables in the regression models were z-scored to standardize effects.
Results

Clinical characteristics of the transdiagnostic sample

All clinical groups, regardless of the primary diagnosis, scored higher on the MAP than
healthy participants (mpp>nc = 5.16, tep>tc = 6.34, tscz>nc = 3.80, all p’s < 0.01), but did not
significantly differ from one another (#(2,58) = 2.68, p = 0.08). Similarly, all clinical groups
reported higher levels of overall negative symptoms than healthy participants (tmpp>uc = 6.52,
tep>HC = 7.44, tscz-nc = 6.36, all p’s <0.01), which did not differ across diagnosis (F(2,57) =
1.43, p = 0.25). Participants with mood disorders (MDD and BD) reported the highest general
symptoms of depression, although those with SCZ were more depressed than healthy participants
(tmpp>nc = 13.82, tep>Hc = 10.34, tscz-nc = 4.02, all p’s < 0.05). Those with SCZ had more
positive symptoms than the other groups (tscz-nc = 4.87, tscz>mpp = 4.17, tscz-sp = 2.87, all p’s
<0.01). Additionally, SCZ also had significantly worse overall cognitive functioning than
healthy participants (¢ = 3.35, p = 0.007). Not surprisingly, MAP was significantly correlated
with total SANS negative symptoms (» = 0.51) and depressive symptoms (» = 0.54) across the
entire sample. MAP was also significantly correlated with performance on the neurocognitive

battery (» = -0.34), smoking status (¢ = 2.06) and antipsychotic medications (» = 0.28, all p’s <

13
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0.05, Supplementary Table S2). Given these associations between MAP and other measures, we
report statistical analyses evaluating these potential confounds below.
Discount rates were not related to psychiatric diagnosis or symptoms

Discount rates, or the tendency to prefer immediate rewards, varied widely across
individuals, but were not associated with primary diagnosis or MAP. Participants completed an
delay discounting task that consisted of choices between $20 available now and a larger amount
($20.50-50) available in the future (1-178 days). Individual discount rates (raw k values) ranged
from 0.0006 (preference for future rewards) to 0.27 (preference for immediate rewards), with a
geometric mean of 0.017. Log-transformed discount rates (logio(k)) did not differ significantly
across groups (F(3,77) = 0.28, p = 0.84) (Figure 1B) or by smoking status (z = 0.81, p = 0.42),
and were not correlated with MAP (= 0.034, p = 0.78) (Figure 1C). For the model estimating
discount rates, we assessed two measures of model fit, Tjur’s D (range = 0.22-0.94, mean [SD] =
0.64 [0.17]) and the percentage of choices predicted by the model (range = 53.6%-98.7%, mean
[SD] = 88.5 [7.75]). Neither measure significantly differed across groups (Tjur’s D: F(3,77) =
2.38, p = 0.08; % correct prediction: F(3,77) =2.09, p = 0.11). Similarly, model fit was not
significantly correlated with MAP (Tjur’s D: » =-0.12, p = 0.29; % correct prediction: » = -0.07,
p = 0.54). The lack of significant differences in discount rates and model fit by diagnosis or as a
function of MAP assures that any observed neural differences were not simply due to behavioral
differences on the task.
Motivational and hedonic impairments were associated with dampened value signals
during decision making

Motivational and hedonic deficits were associated with dampened decision value signals

in the vimPFC during the delay discounting task. Consistent with previous reports (Kable &

14
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Glimcher, 2007, 2010), decision value was correlated with activity in widespread regions,
including the vmPFC, VS, and posterior cingulate cortex (PCC), across all participants
(Supplementary Table S3 and Supplementary Figure S1). We defined our a priori regions of
interest as the vmPFC and VS based on a meta-analysis of published studies examining the
neural correlates of decision value (Bartra et al., 2013; Figure 2A and B). There were no
significant group differences in DV-related activity in the vmPFC (£(3,77) = 1.84, p = 0.15) or
VS (F(3,77) = 1.92, p = 0.13; Figure 2C and D). However, DV-related activity in the vmPFC
was inversely correlated with MAP, such that individuals with increasing levels of motivational
and hedonic deficits exhibited weaker value signals in the vimPFC (r = -0.27, p = 0.01; Figure
2E). The relationship between MAP and DV-related activity, though in the same direction, was
not significant in the VS (r =-0.10, p = 0.36; Figure 2F).

The brain-symptom relationship was specific to motivational and hedonic impairments
Though motivational and hedonic impairments were correlated with several other
characteristics of the sample, these other characteristics did not explain the relationship between

motivational and hedonic symptoms and reduced decision value signals in the vmPFC. To
determine the specificity of the association between MAP and value-related activity in the
vmPFC, we performed a series of sensitivity analyses. We first demonstrated a significant link
between MAP and vmPFC activity while controlling for demographic variables such as age, sex,
education, race, and ethnicity (Table 2, Model 1). We then added primary diagnosis (MDD, BD,
and SCZ) to this model to rule out the possibility that the relationship is better explained by the
diagnostic criteria (Table 2, Model 2). To further rule out other potential confounds, we also
examined a model that includes symptoms of depression (CDSS), positive and negative

symptoms (SAPS and SANS), antipsychotic medications (chlorpromazine [CPZ]-equivalent
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dose), performance on the neurocognitive battery (CNB), current smoking, discounting rate
(log(k)), and model fit (Tjur’s D). Of these potential confounds, DV-related activity in the
vmPFC was individually associated with the diagnosis of SCZ ( =-0.63, 95% CI [-1.23, -
0.03]), overall negative symptoms (3 = -0.22, 95% CI [-0.44, 0.00]), CPZ-equivalent ( = -0.32,
95% CI [-0.54, -0.11]), neurocognitive performance (f = 0.27, 95% CI [0.05, 0.48]), and
discounting rate (B =-0.23, 95% CI [-0.45, -0.01]). However, in multiple linear regressions that
included primary diagnoses alone (Model 2) or all potential confounds (Model 3), MAP
remained a significant predictor of DV-related activity, and notably, the inclusion of these
covariates did not reduce the magnitude of its standardized coefficient. Because CPZ-equivalent
dose primarily controls antipsychotics, we attempted to capture potential effects of other types of
medications by excluding participants on any one class of medication. This series of analyses
also did not significantly change the relationship between MAP and vmPFC activity
(Supplementary Table S4).
Additional brain regions tracking motivational and hedonic impairments

Beyond our a priori ROIs, we also conducted an exploratory analysis of the correlation
between MAP and decision value signals across the whole brain. We found that higher MAP
scores were associated with increased DV signals in the left PCC (Z> 3.1, p <0.05, FWE
corrected; Figure 3).

Discussion

Our findings link dimensional impairments in motivation and pleasure, across mood and
psychotic disorders, to disruptions in specific computational neural signals during decision-
making. Dozens of previous studies have identified neural correlates of decision value, the value

of potential outcomes during decision-making, in the vimPFC (see meta-analysis Bartra et al.,
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2013). Here we find that individuals with more severe deficits in motivation and pleasure
exhibited a blunting of the decision value-related response in the vmPFC during a prospective
decision-making task. Moreover, these symptoms predicted decision value signals in the vmPFC
above and beyond the effects of primary diagnosis, illness-specific symptoms of depression and
schizophrenia, medications, cognitive functioning, and nicotine use. These results demonstrate
the specificity of the link between motivational and hedonic impairments and vmPFC function in
the context of evaluating future rewards. Our findings further suggest that the vmPFC may be an
important therapeutic target for amotivation and anhedonia across disorders, and demonstrate
how quantitative models in decision neuroscience can help to elucidate the common
pathophysiology underlying transdiagnostic, dimensional clinical deficits.

Our findings are novel and consistent with other evidence pointing to functional and
morphological abnormalities in the vimPFC associated with motivational and hedonic
impairments (Ward et al., 2019). Both preclinical and clinical findings suggest that vmPFC
dysfunction may be normalized using direct brain stimulation, resulting in increased reward-
seeking behavior in rodents and reductions of anhedonia in patients with major depression
(Hamani et al., 2012; Mayberg et al., 2005). Although directly stimulating the vmPFC is not
possible without surgical implants, using transcranial magnetic stimulation (TMS) or transcranial
direct-current stimulation (tDCS) to indirectly stimulate the vmPFC via inter-regional functional
connectivity is an emerging area of research in decision neuroscience (Figner et al., 2010; Obeso
et al., 2021; Soutschek et al., 2021), and has the potential to contribute to a novel intervention
that targets motivational and hedonic symptoms across disorders.

Several prior studies have examined amotivation using effort discounting, which

measures the willingness to expend cognitive or physical effort for rewards (Culbreth et al.,
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2018). Individuals with mood and psychotic disorders tend to avoid effort expenditure
(Hershenberg et al., 2016; Patzelt et al., 2019; Wolf et al., 2014), and neuroimaging studies of
effort discounting have found blunted activations at the time of decision in the striatum in major
depression (Yang et al., 2016) and schizophrenia (Huang et al., 20160407) and in the vmPFC in
adolescents at risk for depression (Rzepa et al., 2017). An unwillingness to expend effort for
rewards could be due to reduced valuation of rewards, heightened registration of effort costs, or
both. An important aspect of our contribution is a test of whether amotivation is associated with
dampened reward value signals during decision making, in a paradigm where there are no effort
costs and amotivation is not associated with different decisions.

Several prior studies relating anhedonia to neural responses to rewards or reward cues
have primarily reported blunted reward signals in the VS, and often did not find a significant
effect in the vmPFC (Juckel, Schlagenhauf, Koslowski, Filonov, et al., 2006; Juckel,
Schlagenhauf, Koslowski, Wiistenberg, et al., 2006; Simon et al., 2010; Stoy et al., 2012;
Wacker et al., 2009). In contrast, we found that amotivation and anhedonia were associated with
reduced value-related activity in the vmPFC, whereas in the VS this same relationship was a
non-significant trend. This discrepancy may be partly due to the focus on experienced value
signals in previous studies, versus the focus on decision value signals in the current study. Meta-
analyses report stronger experienced value-related activity in the VS, and stronger decision
value-related activity in the vmPFC, though both kinds of signals are present in both regions
(Bartra et al., 2013; Oldham et al., 2018).

Beyond these a priori regions of interest, individuals with amotivation and anhedonia
recruited the PCC to a greater extent in encoding the decision value of future rewards. Though

exploratory, this finding is broadly consistent with a prior study that found greater PCC
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activation in individuals with SCZ during a delay discounting task (Avsar et al., 2013). One
speculation is that this increased representation of decision value in the PCC might reflect
compensation for weaker decision value signals in the vmPFC. Regardless of the interpretation,
this result provides further evidence that the representation of decision values is altered in
individuals with motivational and hedonic deficits.

In this study, neither diagnosis nor motivational and hedonic symptoms were associated
with discount rate. Prior behavioral studies have reported elevated discount rates in SCZ (Ahn et
al., 2011; Brown et al., 2018; Heerey et al., 2007, 2011; Weller et al., 2014), although results are
mixed in mood disorders (Ahn et al., 2011; Brown et al., 2018; Imhoff et al., 2014; Mason et al.,
2012; Pulcu et al., 2014; Takahashi et al., 2008; Urosevi¢ et al., 2016). Although not statistically
significant in our sample, we observed a trend in individuals with SCZ to discount more than
others. The absence of significant behavioral differences in our sample aids interpretation of the
imaging findings, though, as the observed functional differences are not secondary to behavioral
differences on the task. Specifically, differences in performance in clinical groups can confound
the interpretation of neural differences, a limitation that is commonly addressed by matching for
behavioral performance (Avsar et al., 2013; Barch et al., 2001; Cannon et al., 2005; Lee et al.,
2008), although this approach often poses yet another confound as participants would be
presented with different task stimuli by clinical status.

A change in discount rates, though, would not be expected to result from a disruption in
decision value signals. Rather than an overall shift in preferences (in this task, a change in
discount rates), dampened decision value signals would be expected to lead to an increase in the
variability of choices. Lesion studies have found that vmPFC damage leads to noisier or more

variable choices, rather than to overall shifts in preference (Fellows & Farah, 2007). The delay
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discounting task used in our study, however, was not sensitive to detecting changes in choice
variability because we presented a large range of decision values to elicit robust neural effects
(i.e., the majority of the decisions were easy). Therefore, we did not find any significant
correlation between choice variability and MAP, although we observed a trend that all clinical
groups tended to make less consistent choices compared to those without a psychiatric history.
Because vimPFC signals also predict confidence during value judgments (De Martino et al.,
2013), we speculate that reduced confidence in one’s decision would be another possible effect
of blunted decision value signals in this region. Future studies tailoring the decision values near
the participant’s indifference point (i.e., including more difficult decisions) and including trial-
by-trial measures of confidence would be able to empirically test these hypotheses.

Our study has several limitations. First, the MAP subscale of the CAINS constitutes a
single scale not suited for distinguishing motivation and pleasure. Anticipatory pleasure is
commonly associated with motivation and goal-directed behavior, and motivation and pleasure
often load on a single factor. Although psychometric, correlational, and preclinical studies
suggest that clinical deficits in the two domains are interrelated, others, including the DSM,
separate these into two distinct domains. We used a measure that combines motivation and
pleasure because the two are clinically interrelated and our task engages both aspects of reward
processing. Second, although the overall sample size was relatively large, the sample sizes for
individual diagnoses were small, and therefore we did not have the sufficient statistical power to
examine any within-group effect. Lastly, we did not evaluate whether vmPFC hypofunction is a
general feature of decision-making, or rather specific to delay discounting. Despite these
limitations, these findings demonstrate that perturbed value signals in this region during the

evaluation of future rewards were specifically linked to clinical impairments in motivation and
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pleasure across various classes of psychiatric disorders, over and above the effects of diagnosis
and general symptoms. Demonstrating such symptom-specific alterations across diagnoses helps
elucidate the pathophysiological underpinnings of amotivation and anhedonia and can inform
future treatment development.
Conclusion

Taken together, our results link transdiagnostic impairments in motivation and pleasure to
disruptions in specific computational neural signals during decision-making. In particular, among
individuals diagnosed with mood and psychotic disorders, more severe deficits in motivation and
pleasure were related to blunted decision value-related responses in the vmPFC during a
prospective decision-making task. Furthermore, motivational and hedonic symptoms predicted
decision value signals in this region above and beyond the effects of primary diagnosis, illness-
specific symptoms of depression and schizophrenia, medications, cognitive functioning, and
nicotine use. Though the causal mechanisms remain to be understood, our results suggest the
therapeutic potential of interventions targeting symptom-specific changes in neural signals across

transdiagnostic populations.
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Table 1. Sample characteristics.

HC MDD BD" SCZ
N 20 17 21 23
Age in years 41.7 (10.6) 35.0 (12.6) 37.7 (11.6) 41.2 (10.0)
Sex: male 35% 47% 67% 39%
Race
White 55% 59% 67% 30 %
African American 45% 29 % 29% 61%
Asian 0% 6 % 5% 4%
Mixed 0% 6% 0% 4%
Ethnicity
Non Hispanic 100% 94% 86 % 96%
Hispanic 0% 6% 14% 4%
Years of education 15.0 (2.2) 14.8 (2.6) 15.5(2.3) 13.7 (1.8)
Clinical symptoms
Smoking 25% 18% 29% 30%
CAINS MAP2bed 0.82 (0.40) 1.82 (0.71) 1.90 (0.67) 1.46 (0.67)
CDSSHabedet 0.32 (1.38) 11.71 (3.14) 11.05 (4.42) 2.95(2.70)
SAPSbef 0.11(0.47) 0.53 (1.33) 1.52 (2.34) 4.45 (4.15)
SANS#bed 1.11 (2.32) 6.18 (2.27) 6.86 (2.50) 7.91 (4.31)
Delay discounting task
logio(k) -1.81 (0.67) -1.81 (0.43) -1.79 (0.74) -1.67 (0.44)
Tjur’s D 0.71 (0.18) 0.65 (0.18) 0.64 (0.17) 0.57 (0.14)
% predicted 90.98 (6.12) 85.53 (8.10) 89.78 (9.73) 87.49 (5.98)
Cognitive performance
CNB z-score®® 0.38 (0.47) -0.04 (0.52) -0.04 (0.53) -0.18 (0.62)
Medication
CPZ equivalent®>®f 0 (0.0) 0 (0.0) 250.5 (424.1) 730.0 (850.4)
Typical antipsychotics® 0% 0% 0% 22%
Atypical antipsychotics® 0% 0% 43% 83%
Benzodiazepines 0% 18% 24% 22%
Lithium? 0% 6% 52% 0%
Mood stabilizing 0% 0% 33% 9%
anticonvulsants®
Other anticonvulsants 0% 6% 5% 4%
Antidepressants® 0% 59% 24% 48%
Stimulants 0% 12% 5% 9%
Anticholinergic 0% 6% 0% 9%
Other” 0% 41% 29% 13%

Note: All values in X (Y) format are mean (standard deviation). HC = healthy control, MDD =
major depressive disorder, BD = bipolar disorder, SCZ = schizophrenia, CNB = average z-score
on the Penn Computerized Neurocognitive Battery, logio(k) = subject-specific parameter for
discount rate, Tjur’s D = Tjur’s coefficient of discrimination, % predicted = percentage of
correct model predictions of choice, CAINS MAP = motivation and pleasure, CDSS = Calgary
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Depression Scale for Schizophrenia, SAPS = Scale for the Assessment of Positive Symptoms,
SANS = Scale for the Assessment of Negative Symptoms, CPZ equivalent = chlorpromazine
equivalent for antipsychotic drugs (in mg).

* Three participants met the diagnostic criteria for bipolar disorder type II.
 Data available on a subsample (n=77).

4 p <.05 for univariate ANOVA across the four groups.

b p < .05 for post-hoc pairwise t-test comparing SCZ and HC.

¢ p < .05 for post-hoc pairwise t-test comparing BD and HC.

d p < .05 for post-hoc pairwise t-test comparing MDD and HC.
¢ p < .05 for post-hoc pairwise t-test comparing SCZ and BD.
fp <.05 for post-hoc pairwise t-test comparing SCZ and MDD.
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Table 2. Linear regression models explaining activity in vimPFC. The dependent variable in
all models was the beta coefficient for DV-related activity in the vmPFC. Beta coefficients and
95% confidence intervals for the independent variables in different models are shown. All
models included sex, age, education, race, and ethnicity as covariates of no interest, and no
sociodemographic covariate was significant in any model.

Model 1 Model 2 Model 3

MAP -0.28 [-0.51,-0.06]* -0.36 [-0.64,-0.07]* -0.36 [-0.69,-0.03]*
Primary diagnosis

MDD - 0.41[-0.38,1.20] -0.07 [-1.42,1.27]

BD - 0.10 [-0.70,0.89] -0.23 [-1.47,1.00]

SCZ - -0.37 [-1.03,0.28] -0.43 [-1.32,0.46]
Dignosis-specific symptoms

CDSS - - 0.22 [-0.31,0.74]

SAPS - - 0.16 [-0.15,0.46]

SANS - - 0.04 [-0.29,0.38]
Covariates of interest

CPZ equivalent - - -0.24 [-0.53,0.05]

CNB - - 0.12 [-0.15,0.39]

Smoking - - 0.20 [-0.36,0.76]
Task performance

logio(k) - - -0.40 [-0.66,-0.14]**

Tjur’s D - - -0.07 [-0.33,0.19]

Note: MAP = motivation and pleasure, MDD = major depressive disorder, BD = bipolar
disorder, SCZ = schizophrenia, CDSS = Calgary Depression Scale for Schizophrenia, SAPS =
Scale for the Assessment of Positive Symptoms, SANS = Scale for the Assessment of Negative
Symptoms, CPZ equivalent = chlorpromazine-equivalent dose for current antipsychotic
medications (in mg), CNB = mean accuracy z-score on the Penn Computerized Neurocognitive
Battery, Smoking = 1 for smoker, 0 for non-smoker, logio(k) = subject-specific parameter for
discount rate, Tjur’s D = Tjur’s coefficient of discrimination.

*p <.05.
** p <.0l.
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Figure 1. (A) Delay discounting fMRI paradigm. On each trial, participants chose between two
options: an immediate monetary reward, fixed at $20 on every trial, and a delayed monetary
reward, which varied in amount and delay across trials. Participants had 4 s to respond, and the
chosen option was underlined to indicate their choice. Each trial was followed by an inter-trial
interval (ITT) that ranged from 2 to 20 s. (B) Discount rate, log(k), did not differ by primary
diagnosis (£(3,77) = 0.28, p = 0.84). (C) Discount rate was not correlated with CAINS MAP (r =

0.034, p=0.78).

A B C
r=0.034,p=0.77

$48 $20 -1
107 days now -1 =

4s

Choice

— — <
107 days 8’ { T, 8’-2

HC MDD BD SCZ 1 2 3 4
CAINS MAP

Note: log(k) = individual discount rate, HC = healthy control (O), MDD = major depressive

disorder (A), BD = bipolar disorder ([]), SCZ = schizophrenia (+), CAINS MAP = Motivation
and Pleasure subscale score of the CAINS.
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Figure 2. (A, B) Region-of-interest masks for the vmPFC (blue) and VS (red), derived from a
meta-analysis by Bartra et al. (2013). There was no significant difference in DV-related activity
by primary diagnosis in the (C) vmPFC or (D) VS. (E) DV-related activity in the vimPFC was
inversely correlated with CAINS MAP. (F) This correlation was not significant in the VS.

A

DV Beta Coefficient
o QO o
i2
J> :1
i o T iy ¢
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HC MDD BD SCZ

3 r=-0.27, p = 0.01

DV Beta Coefficient

CAINS MAP

DV Beta Coefficient

DV Beta Coefficient

R
T

HC MDD BD SCZ

r=-0.10,p = 0.36

CAINS MAP

Note: DV = decision value of the delayed reward, HC = healthy control (O), MDD = major

depressive disorder (A ), BD = bipolar disorder ([]), SCZ = schizophrenia (+), CAINS MAP =
Motivation and Pleasure subscale score of the CAINS.
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Figure 3. Exploratory whole-brain analysis of the correlation between DV-related activity and
CAINS MAP. Higher scores on the CAINS MAP were associated with greater DV-related
activity in the left PCC (Z> 3.1, p < 0.05, FWE corrected).
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Supplementary Table S1. Comparison of participants included versus excluded from the

analyses.
Included Excluded
N 81 9
Primary diagnosis
HC 20 3
MDD 17 3
BD 21 2
SCZ 23 1
Sex: male 48% 67%
Race
White 52% 44%
African American 42% 56%
Asian 4% 0%
Mixed 2% 0%
Ethnicity
Non Hispanic 94% 100%
Hispanic 6% 0%
Years of education 14.5(2.3) 14.6 (2.1)
Delay discounting task
logio(k) -1.76 (0.69) -1.50 (0.73)
Tjur’s D 0.65 (0.20) 0.62 (0.21)
% predicted 88.47 (7.75) 86.50 (14.33)
Cognitive performance
CNB z-score 0.02 (0.57) 0.20 (0.64)
Clinical symptoms
Current nicotine use 27% 22%
CAINS MAP 1.44 (0.72) 1.64 (0.89)
CDSS 5.71 (5.38) 7.78 (8.61)
SAPS 1.81 (3.10) 1.00 (1.73)
SANS 5.68 (3.96) 5.00 (3.28)
Medication
Typical antipsychotics 6% 0%
Atypical antipsychotics 35% 22%
Benzodiazepines 16% 11%
Lithium 15% 11%
Mood stabilizing anticonvulsants 11% 0%
Other anticonvulsants 4% 0%
Antidepressants 32% 22%
Stimulants 6% 0%
Anticholinergic 4% 0%
Other 20% 44%
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Supplementary Table S2. Intercorrelation of confound variables (Pearson’s 7).

1 2 3 4 5 6 7
1. CAINS MAP -
2.CNB -0.34%%* -
3. Smoking 0.27* -0.20 -
4. CDSS 0.54%** -0.20 0.09 -
5. SAPS 0.14 -0.10 0.20 0.09 -
6. SANS 0.51***  -0.29% 0.25% 0.29% 0.40%** -
7. CPZ-E 0.28%* -0.21 0.03 -0.09 0.42%**  (.43%** -

Note: CAINS MAP = motivation and pleasure, CNB = average z-score on the Penn
Computerized Neurocognitive Battery, Smoking = 1 for smoker, 0 for non-smoker, CDSS =
Calgary Depression Scale for Schizophrenia, SAPS = Scale for the Assessment of Positive
Symptoms, SANS = Scale for the Assessment of Negative Symptoms, CPZ-E = chlorpromazine
[CPZ]-equivalent dose.

*p<0.05
** p<0.01
**% p <0.001
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Supplementary Table S3. Peak locations of positive effects of decision value of the delayed
reward (Z > 3.1, p = 0.05, FWE corrected), corresponding to Supplemental Figure S1.

Anatomical description Z-value Local maxima

X y z
R. caudate 9.32 6 12 2
L. caudate 9.24 -6 14 0
L. middle temporal gyrus 8.21 -58 -46 -4
L. inferior frontal gyrus 7.76 -56 -54 -6
L. posterior cingulate 7.72 0 -36 40
L. ventromedial prefrontal cortex 7.4 -2 44 0
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Supplementary Table S4. Comparison of beta coefficients and standard errors for CAINS MAP from linear regression models in
subsamples excluding participants on each class of medications (dependent variable = beta coefficients for DV in the vmPFC).

Sample N B3 Model 1 B3 Model 2 B3 Model 3

Full sample 81 -0.28 [-0.51,-0.06]* -0.36 [-0.64,-0.07]* -0.36 [-0.69,-0.03]*

Subsample excluding
Typical antipsychotics 76 -0.32 [-0.56,-0.09]* -0.45[-0.73,-0.16]** -0.42 [-0.75,-0.08]*
Atypical antipsychotics 53 -0.26 [-0.54,0.02] -0.37 [-0.77,0.03] -0.63 [-1.05,-0.21]**
Benzodiazepines 68 -0.34 [-0.58,-0.10]** -0.37 [-0.69,-0.06]* -0.35 [-0.70,0.00]
Lithium 69 -0.33 [-0.58,-0.08]* -0.45[-0.78,-0.12]** -0.40 [-0.78,-0.02]*

Mood stabilizing anticonvulsants 72 -0.38 [-0.62,-0.14]** -0.54 [-0.85,-0.24]*** -0.46 [-0.78,-0.14]**

Other anticonvulsants 78 -0.33[-0.56,-0.10]** -0.40 [-0.69,-0.10]** -0.38 [-0.70,-0.06]*
Antidepressants 55 -0.35 [0.63,-0.07]* -0.49 [-0.85,-0.13]** -0.52 [-0.93,-0.12]*
Stimulants 76 -0.28 [-0.52,-0.05]* -0.34 [-0.65,-0.04]* -0.36 [0.71,0.00]

Anticholinergic 78 -0.32[-0.55,-0.09]** -0.44 [-0.72,-0.15]** -0.40 [-0.72,-0.07]*
Other 65  -0.37[-0.62,-0.12]** -0.40 [-0.72,-0.08]* -0.42 [-0.77,-0.06]*

Note: Independent variables of interest for each model were the following. All models included age, sex, race, ethnicity, and education
as covariates of no interest.

Model 1: CAINS MAP

Model 2: CAINS MAP + Primary diagnosis

Model 3: CAINS MAP + Primary diagnosis + CNB + Smoke + CDSS + SAPS + SANS + Logio(k) + Tjur’s D

CAINS MAP = motivation and pleasure, CNB = average z-score on the Penn Computerized Neurocognitive Battery, Smoke = 1 for
smoker, 0 for non-smoker, CDSS = Calgary Depression Scale for Schizophrenia, SAPS = Scale for the Assessment of Positive
Symptoms, SANS = Scale for the Assessment of Negative Symptoms, logio(k) = subject-specific parameter for discount rate, Tjur’s D
= Tjur’s coefficient of discrimination

*p<.05.
** p<.0l.
*x%k p <.001.
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Supplemental Figure S1. Positive effect of decision value. Across all participants, the decision
value of delayed rewards was correlated with activity in widespread regions, including vimPFC,
VS, and PCC (Z> 3.1, p = 0.05, FWE corrected).
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