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Apathy in small vessel cerebrovascular disease
is associated with deficits in effort-based
decision making
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Patients with small vessel cerebrovascular disease frequently suffer from apathy, a debilitating neuropsychiatric syndrome, the
underlying mechanisms of which remain to be established. Here we investigated the hypothesis that apathy is associated with
disrupted decision making in effort-based decision making, and that these alterations are associated with abnormalities in the white
matter network connecting brain regions that underpin such decisions. Eighty-two patients with MRI evidence of small vessel
disease were assessed using a behavioural paradigm as well as diffusion weighted MRI. The decision-making task involved
accepting or rejecting monetary rewards in return for performing different levels of physical effort (hand grip force). Choice data
and reaction times were integrated into a drift diffusion model that framed decisions to accept or reject offers as stochastic proc-
esses approaching a decision boundary with a particular drift rate. Tract-based spatial statistics were used to assess the relationship
between white matter tract integrity and apathy, while accounting for depression. Overall, patients with apathy accepted signifi-
cantly fewer offers on this decision-making task. Notably, while apathetic patients were less responsive to low rewards, they were
also significantly averse to investing in high effort. Significant reductions in white matter integrity were observed to be specifically
related to apathy, but not to depression. These included pathways connecting brain regions previously implicated in effort-based
decision making in healthy people. The drift rate to decision parameter was significantly associated with both apathy and altered
white matter tracts, suggesting that both brain and behavioural changes in apathy are associated with this single parameter. On the
other hand, depression was associated with an increase in the decision boundary, consistent with an increase in the amount of evi-
dence required prior to making a decision. These findings demonstrate altered effort-based decision making for reward in apathy,
and also highlight dissociable mechanisms underlying apathy and depression in small vessel disease. They provide clear potential
brain and behavioural targets for future therapeutic interventions, as well as modelling parameters that can be used to measure the
effects of treatment at the behavioural level.
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Introduction

Small vessel cerebrovascular disease (SVD) is a common dis-
order which primarily affects cerebral microvessels." Initially
thought to be innocuous, SVD is currently considered to be
the largest contributor to vascular dementia worldwide, and
is typically characterized by white matter hyperintensities on
MRI** Radiological and pathological features also include
lacunes, subcortical infarcts, microbleeds, enlarged perivas-
cular spaces and cerebral atrophy.’® Up to 50% of patients
with SVD and 92% of individuals with vascular dementia
suffer from apathy,®” a syndrome associated with poor
functional outcomes® and lower quality of life.” In patients
with SVD, apathy is associated with significantly increased
risk of dementia®® as well as mortality.'” Despite its burden
on patients and their carers,'' there are no current licensed
treatments for apathy, partly due to a poor understanding of
its underlying mechanisms. '

Apathy has been conceptualized as a deficit in ‘motivated
voluntary behaviour’—a deficit in linking motivation to
the initiation of action.'> A novel approach to quantify
motivated behaviour in patients is to examine performance
on paradigms that assess effort-based decision making for
rewards. These tasks, translated from studies in animal mod-
els,"*® have played an important role in phenotyping
apathetic behaviour in humans by probing different phases
of decision making.'” An important component of deciding
whether to take a behavioural course of action involves
weighing up its perceived benefits (e.g. potential reward),
against its subjective costs, (e.g. effort required to obtain
that reward). By parametrically manipulating reward and ef-
fort within an experimental task, it is possible to characterize
the behavioural changes that underlie apathy.'®'?

A priori, at least three distinct mechanisms might
potentially contribute to apathetic behaviour when deciding
whether to allocate effort to obtain rewarding outcomes.
First, it is possible that patients with apathy might be
hypersensitive to effort, and therefore not willing to invest in
behaviours that they perceive to be too physically or mental-
ly demanding even when the reward outcome is high.
Alternatively, they might be less incentivized by rewards,
and accept only those few offers with the highest reward
outcomes regardless of the effort requirement. Finally, they
may be less inclined to accept offers overall, irrespective of
the associated reward or effort. A recent investigation in

Parkinson’s disease revealed that apathetic patients perform-
ing an effort-based decision making task were less willing to
exert effort in return for reward, particularly when the levels
of reward were low.?° Crucially, they were just as willing as
non-apathetic patients with Parkinson’s disease to allocate
high levels of effort when the rewards were high. Thus,
apathy in Parkinson’s disease is associated with insensitivity
to rewards for low magnitudes of reward, rather than
hypersensitivity to effort. This has therapeutic implications
because dopaminergic therapy, known to ameliorate apathy
in some patients with Parkinson’s disease, can improve
reward sensitivity in Parkinson’s disease.”"**

It is not clear though if the same type of deficit underlies
effort-based decision making in SVD, or if apathetic
behaviour across different diseases might be characterized by
very different underlying impairments. While reward insensi-
tivity characterizes apathy in Parkinson’s disease, it is pos-
sible that apathetic patients with SVD are hypersensitive to
effort, insensitive to reward or generally less willing to initi-
ate actions. Some evidence for reduced reward responsive-
ness to low levels of reward comes from an investigation in
CADASIL (cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy), a heritable
form of SVD.*> However, this study examined a total of
only 19 patients, and it remains an open question as to
whether the findings in this rare genetic condition would
translate to the much more prevalent, sporadic form of SVD
that typically occurs later in life.

Another important related issue concerns clarification of
the neural basis of apathy in SVD.** It is evident from
functional neuroimaging studies in healthy subjects that
distinct brain regions are activated while performing effort-
based decision-making tasks.”® These are typically located
within frontal and striatal regions, including the medial
orbitofrontal cortex [also referred to as the ventromedial
prefrontal cortex (vmPFC)], anterior cingulate cortex
(ACC) and basal ganglia, including in particular the ventral
striatum.”®*” Within this network, different regions may
contribute to specific components of decision making. For
example, activation within medial orbitofrontal cortex and
ventral striatum correlates positively with increasing reward
magnitude,”®3° whereas lesions to these areas can signifi-
cantly reduce responsiveness to reward.>’** On the other
hand, the ACC appears to compute the net subjective value
of decisions by integrating reward and effort signals.?”-*%*3
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It has long been known that lesions there can result in severe
forms of apathy manifest as akinetic mutism.>**® Together
these findings suggest that motivated behaviour in healthy
individuals might be regulated by a circumscribed fronto-
striatal network, with deficits within this network potentially
giving rise to clinical apathy.

Is apathy in SVD associated with disruption to a specific
brain network? Several studies have investigated the asso-
ciation between motivational deficits and structural brain
changes in SVD, largely focusing on white matter lesions
and lacunar infarcts.>*>? While some report a positive
association between these measures and the development
of apathy,’®®” the findings have been inconsistent.*”>*"
There are several possible reasons. First, previous investi-
gations have not consistently used the same instruments to
define apathy, and a recent review highlighted the paucity
of studies using validated apathy questionnaires to infer
associations in neuroimaging studies.*' Second, recruit-
ment of SVD patients has varied considerably across
investigations, from early stage non-demented patients to
those with significant cognitive decline.’®*® This means
that patient groups in some studies have significantly
greater lesion burden than others which may alter the
associations of interest. In more advanced cases of SVD,
lesion load is more likely to represent general disease pro-
gression rather than highlight specific neural underpin-
nings of neuropsychiatric syndromes.

One way to mitigate against this is by using more sensitive
diffusion-weighted imaging (DWI) measures such as frac-
tional anisotropy (FA), which can quantify microstructural
integrity in normal-appearing white matter.**** These imag-
ing indices might facilitate better detection of network defi-
cits in patients with early stages of SVD whose overall
disease burden is low. Two recent investigations have
reported that apathy is associated with microstructural defi-
cits within frontal and striatal regions,>** but neither of
these studies were designed to investigate the behavioural or
cognitive mechanisms underlying apathy and relate these to
brain networks. Furthermore, there are concerns about how
much of the effects attributed to apathy might in fact be due
to depression, which is also common in SVD.*® While the
two syndromes often coexist, apathy is increasingly recog-
nized as a distinct entity with its own significant clinical
impacts.*”* It would therefore be important to demonstrate
in a large sample of sporadic, late-onset SVD that brain
mechanisms underlying apathy are both behaviourally and
anatomically independent from depression.

Here we report on the first investigation in sporadic SVD
combining performance metrics from an effort-based deci-
sion-making task with DWI. Specifically, we used Bayesian
drift diffusion modelling (DDM), a well validated modelling
technique,’*? to relate behavioural metrics to DWI, and
attempting to account for any effects of depression in both
behavioural and imaging analyses. Our aims were to answer
the following questions: What are the behavioural changes
of apathy associated with effort-based decision making for
reward in sporadic SVD? Does apathy in SVD have distinct
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underpinnings  that are  dissociable  from
depression? Is there a clear relationship between behavioural
and neuroimaging changes in apathy?

neural

Materials and methods

Ethics

This study was approved by the local ethics committee.
Informed written consent was obtained from all participants
and all testing was conducted in line with the declaration of
Helsinki.

Participants

We screened 104 patients with expected MRI evidence of SVD
from the Oxford Vascular Study (OXVASC) and Oxford neur-
ology clinics between January 2015 and February 2019. The
OXVASC study is a population-based cohort study of patients
who underwent MRI following a transient ischaemic attack
(TIA) or minor ischaemic stroke.’*** They were recruited to
our study following neuroimaging and therefor a proportion
were subsequently excluded if there was no evidence of SVD on
their scans. Additionally, patients were recruited from three
Oxford neurology clinics: (i) The memory clinic, investigating
patients with cognitive complaints; (ii) the TIA clinic, investigat-
ing patients with possible stroke/TIA; and (iii) the first fit clinic,
investigating patients with first possible seizure.

Clinic patients were recruited after confirmed SVD on MRI
which included white matter hyperintensities of presumed vascu-
lar origin, as defined by the STRIVE criteria,” lacunar and/or
subcortical infarcts. Such a group of patients is likely to have
heterogeneous underlying pathology, e.g. some might also have
concomitant Alzheimer pathology. Therefore, we also deployed
the following exclusion criteria: (i) known diagnosis of demen-
tia, including clinical diagnoses of Alzheimer’s or vascular de-
mentia; (ii) evidence or history suggestive of any concomitant
neurodegenerative or neuroinflammatory disease other than
SVD; (iii) participants without an established diagnosis of
dementia who were unable to understand and engage with the
behavioural testing protocol; (iv) physical disability preventing
participants squeezing a hand-held device in response to visual
stimuli; and (v) cortical strokes > 1.5 cm longest dimension on
MRI (slice thickness = 3 mm).

Twenty-two participants were excluded from the initial re-
cruitment, leaving 82 who underwent behavioural testing (Table
1). Of these, 67 had complete diffusion neuroimaging, and 62
had complete structural and DWI. Sample size was considered
adequate based on previous studies using the behavioural task
in patient populations, which used 19 and 39 cases of
CADASIL and Parkinson’s disease, respectively.?®*® A study
flow chart can be viewed in the Supplementary material for
more details on exclusion and incomplete data. Disease severity
was graded using the Fazekas scale by a clinician.”*»*°

Clinical measures

Apathy was measured using the Apathy Evaluation Scale (AES),
a well described instrument that has been used to characterize
apathy across neurological conditions, including SVD.2%*357
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Here we used the self-report version (AES-S). For most of the
analyses reported below, the AES score was used as a continu-
ous variable; where we compared groups with apathy and with-
out, we used a cut off AES score of >34 to define apathy. This
cut-off score has been validated across neurological condi-
tions.>®*>® Depression was measured using the Beck Depression
Inventory (BDI) and cognitive function using the Addenbrooke’s
Cognitive Examination III (ACE-II). Quality of life was
recorded using the Cantril quality of life ladder. This involves a
single response to a visual scale quantifying their perceived
quality of life from 1 to 10 at the time of testing.®°

Effort-based decision-making task

Participants completed an effort-based decision-making task pre-
viously used to investigate apathy in both healthy participants®”
and patients with neurological disease.'®*®** This paradigm
was designed in psychtoolbox (psychtoolbox.org) within
MATLAB and administered on a mounted desktop.

Participants were offered monetary rewards in return for
physical effort (Fig. 1A). On a trial by trial basis, they were
asked to consider if the reward was worth the effort on offer.
They could either accept or reject the offer by gently squeezing
the handheld device on the side of the preferred response (‘Yes/
No’ shown on the screen). If an offer was accepted, participants

A B
Is the reward worth the effort?

Y. Saleh et al.

had 5 s to squeeze in proportion to the required effort level and
sustain this effort for at least 1 s. No explicit instructions related
to time were given at the outset of the experiment. They were
only informed that the more apples they collected, the more
money they would gain in the end. Online force feedback
allowed participants to visualize their proximity to the target
force required. Successful effort allocation was followed by a
feedback phase confirming the amount of reward secured on
the trial as well as the overall reward earnings up to that point.
On the other hand, a rejected offer was followed by a short
pause followed by commencement to the next trial. This ensured
that accepted and rejected trials were matched for trial length
throughout the experiment.

Rewards were represented by the number of virtual apples on
a tree (1, 3, 6, 9, 12, or 15) and effort by the height of a yellow
bar on the tree trunk (Fig. 1A, top). Higher bar positions
indicated a higher effort requirement to obtain the reward on
offer on that trial. Effort was measured as force expressed
by squeezing calibrated handheld dynamometers (SS25LA,
BIOPAC Systems). Crucially, the force required was a percent-
age of each participant’s own maximum voluntary contraction
(10, 24, 38, 52, 66 or 80%) established as a mean of three trials
prior to testing, so it was ‘normalized’ to each individual’s phys-
ical capabilities, rather than given as absolute levels of force
required. To minimize fatigue, effort expenditure was equally

|
E52
tae
“:24 04
; Q 10

No Yes

(O ) 0
VC)
@
o

Increasing Effort—

0OOOBS

C
Acceptance rate
oee 180
w
.E 160
3]
© 140
1 3 6 9 12 15 Q<
Reward o
2120
Reaction time @
2.2 =
% I £ 100 o
i 2 |— o L]
Ss L ]
tsa. b 80— 7 2 3
2 24 I s Apathy Severity (AES)
14
3 6 9 1215
Reward

Increasing Reward —

Figure | Effort-based decision making-task and overall performance as a function of apathy. (A) On a trial-by-trial basis, partici-
pants were offered monetary rewards (virtual apples) in return for physical effort (height of yellow bar). By varying the amount of reward and ef-
fort, their acceptance or rejection of different reward-effort combinations could be mapped in a two-dimensional decision space of reward and
effort (6 x 6 grid, bottom). (B) Acceptance rates and reaction times in each section of the decision space. (i) Patients accepted more offers and
reacted faster as rewards increased (heat map becomes more red from left to right). (ii) Inversely they rejected more offers and reacted slower
as the effort increased (heat map more blue from bottom to top). (C) Fewer offers were accepted overall with increasing apathy severity (z-scored

values on x-axis).
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distributed across both hands. Further, on 25% of the accepted
trials, patients were exempt from squeezing and allocated the
reward at no cost.

With six levels of reward and effort, 36 possible offer types
were available (Fig. 1A, bottom). Each offer type was sampled
five times, giving a total of 180 trials divided into five blocks of
36 trials. Trial order was pseudo-randomized, ensuring all
patients were presented the offers in the same order. Before the
experiment, each participant practiced squeezing the handheld
device at each effort level and completed a full practice block
with 36 trials. The extracted behavioural parameters were
choice (i.e. accept or reject), reaction time and force metrics.

Imaging

Images were acquired in a 3 T Siemens Verio scanner at the
John Radcliffe hospital, Oxford. The neuroimaging protocol
included: T;-weighted sequence (acquisition time 4 min 54 s,
repetition time 2000 ms, echo time 1.94 ms, inversion time 880
ms, flip angle 8°, voxel size 1.0 mm isotropic); a fluid attenuated
inversion recovery, or T>-FLAIR, sequence (acquisition time 4
min 32 s, repetition time 9000 ms, echo time 88 ms, inversion
time 2500 ms, flip angle 150°, voxel size 1.0 x 1.0 x 3.0 mm);
and a diffusion weighted echo-planar (EPI) sequence (acquisition
time 4 min 40 s, repetition time = 8000 ms, echo time = 86.0
ms, voxel size = 2 mm isotropic, 30 scans with b-value = 1500
s/mm?, b = 0 s/mm?).

Analyses

Clinical measures

Pearson correlations were used to establish relationships be-
tween clinical measures of interest. These were conducted using
the ‘cor’ function in R in the ‘stats’ package (https://www.R-pro
ject.org/).

Raw behavioural data

All primary analyses were conducted using continuous variable
measures rather than clinical cut-offs. This was to avoid dichot-
omizing continuous variables.®**> Where necessary, clinical cut-
offs were used to support primary analyses. Robust-linear
regressions were used to assess the relationship between overall
acceptance rate and apathy using the Im_robust function in the
‘estimatr’ R package (https://CRAN.R-project.org/package =
estimatr). This applied a weighting function to reduce the influ-
ence of outlier data and clustering methods to overcome hetero-
scedasticity. In-depth analysis of behavioural mechanisms was
conducted using a logistic regression with mixed effects for the
choice data. This was conducted in MATLAB using the fitglmne
function. Trials whose reaction time was <0.4 s were discarded
as being accidental, as were those with reaction times > 3 times
the standard deviation for each participant where they were
likely to have been distracted or inattentive. The total number
of excluded trials represented only ~2% of trials overall. The
model included a random effect of participant and fixed effects
of reward, effort, and apathy status. All interactions between re-
ward, effort and apathy were included. For each model, the par-
ameter estimate, F-statistic and P-value was reported. Statistical
significance was inferred when P-values were < 0.05 and cor-
rected for multiple comparisons where appropriate. In all analy-
ses, the effort penalty term was squared, in line with motor
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control principles which assign a quadratic relationship between
force requirements and perceived effort costs.®*¢*

Hierarchical drift-diffusion modelling of effort-based
decision making

Performance on the effort-based decision-making paradigm can
be viewed as a two-alternative forced choice (2AFC) task where
participants must choose between accepting or rejecting an
offer. Framing the task this way enabled us to use well-validated
2AFC modelling approaches such as DDM.*%’¢¢ DDM
assumes that evidence accumulates in a noisy manner until a de-
cision boundary is reached, at which point a decision is made
(i.e. reject or accept). The model is generally described by four
parameters: (i) the threshold, @, representing the distance
between the two alternative decisions (i.e. Accept or reject); (ii)
the bias, z, representing an a priori starting point of evidence
accumulation as a function of a where a non-biased starting
point = 0.5; (iii) the non-decision time, ¢, which represents time
allocated for decision independent processes such as perception,
movement initiation and execution; and (iv) the drift rate,
V, representing the rate of evidence accumulation. This increases
as participants accept more offers and reduce their decision
times (Fig. 2A).

To accommodate the structure of the experimental task, a, z
and ¢ were fixed across conditions, whereas drift rate was varied
with the reward and effort in each segment of our decision
space (Fig. 2). For each subject the drift rate composed of four
subcomponent parameters: (i) the average drift rate across all
trials vg; (ii) the effect of reward on drift rate, or v, (iii) the
effect of effort on drift rate, or v and (iv) the effect of the
reward x effort interaction on drift rate, or v,

The actual drift rate (V,,) for each segment within the deci-
sion space was therefore assumed to be a linear combination of
reward, effort, and their interaction such that:

Vr.e = V0 +Vr — Ve — Upse (1)

Overall group acceptance rates (AR) and decision times (DT)
were subsequently predicted using the following two equations
(see Bogacz et al.®® for mathematical derivations):

1
AR = s 2)
DT = Vitanh(v’cg*“) (3)

Where ¢ represents a noise parameter (set as 1 by default).
We conducted a population level analysis with ‘subject’ included
as a hierarchical factor, followed by separate fits for each
subject. This gave rise to whole group and per subject posterior
distributions for V (including its subcomponents), z, a and ¢
Bayesian inference was used to compare the effects of reward
and effort on overall drift rate across the whole group. This is
reported as the posterior probability (Ppp) of our hypothesis of
interest. Additionally, for all seven parameters, we extracted
the mean of the posterior distribution per participant and
assessed their relationship to apathy and depression in robust
multiple regressions.

A well-validated DDM toolbox’* was used to fit this model
to the data (http:/ski.clps.brown.edu/hddm_docs/; version 0.6.0;
Python 2.7). Informative group mean priors created by Weicki
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Figure 2 DDM of effort-based decision making for reward. (A) Model assumes decisions to accept offers arise from a noisy process of
evidence accumulation up to a decision boundary, g, at a drift rate, V and starting point of evidence accumulation termed the bias, z. The final
term accounts for non-decision time components, t. (B) Both reward and effort significantly alter drift rate but reward has a significantly greater
impact than effort. (C) Overview of how drift rate (black arrow) varies with each unique combination of reward and effort posed by our task.
The drift rate incrementally rises with increasing reward (left to right), and falls with increasing effort (from bottom to top).

and colleagues were used (see the supplementary material in
Wiecki et al.>?) to roughly match parameter values reported in
the literature.®” Markov chain Monte Carlo methods (MCMC)
generated samples from the joint posterior distributions of all
model parameters. Six MCMC chains were run, each having
10 000 samples with the first 1000 samples discarded as ‘burn-
ins’. The model assumed a 5% fixed probability of outlier reac-
tion time data. Convergence checks were conducted by visualiz-
ing trace plots and computing R-hat, or Gelman Ruben,
statistics across the six MCMC chains. Posterior predictive
checks were conducted to ensure model predictions could accur-
ately retrieve behavioural patterns in the original dataset. A
detailed explanation of these model evaluation steps can be
found in the Supplementary material, ‘Drift diffusion model
evaluation’ section.

Structural image preprocessing and analysis

All MRI images were initially processed and formatted into
standardized brain imaging data structure (BIDS).® White mat-
ter lesions were classified using a fully automated, supervised
method known as BIANCA (brain intensity abnormality classifi-
cation algorithm).®® For each image voxel, BIANCA assigns a
probability of there being a white matter lesion of presumed
vascular origin. Doing so relies on comparisons with manually
segmented training datasets. In this case, we used a training
dataset of 18 consecutive patients from the OXVASC study
who had recently experienced a TIA or minor stroke. This pa-
tient group, described in detail by Sundaresan et al.”%)

underwent an identical MRI scanning procedure to our patient
cohort and were demographically similar to our patient group.
Each scan was manually checked to ensure appropriate classifi-
cation of white matter lesions by a clinician (Fig. 3A and B).
Finally, total lesion load for each participant was extracted
based on the number of voxels with a >80% probability of
being a lesion. Cross validation of this method was conducted
by comparing mean lesion load values based on clinician scored
Fazekas grading.”! A one way ANOVA confirmed significant
increases in lesion load when split by Fazekas score [F(1,59) =
22.92, P < 0.0001; Fig. 3C]. Specifically, lesion volumes in
patients with Fazekas score of 3 were significantly greater than
those with grade 2 or 1, respectively. This total lesion load score
was subsequently used as one surrogate measure for disease se-
verity in our analyses. Additionally, lacunar infarcts were manu-
ally checked by a qualified neurologist and included in our
analyses. These were defined based on the STRIVE criteria® as
round or ovoid subcortical, fluid filled cavities between 3 mm
and 15 mm, which had a white rim on FLAIR MRI.

Diffusion image preprocessing and analysis

Voxelwise statistical analysis of the FA data was carried out
using TBSS (tract-based spatial statistics),”* part of FSL.”? Sixty-
seven FA images were created by fitting a tensor model to the
raw diffusion data using FDT, and then brain-extracted using
BET.”* All participants’ FA data were then aligned into a com-
mon space using the nonlinear registration tool FNIRT,”>”¢
which uses a b-spline representation of the registration warp
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Figure 3 Quantification of disease severity using white matter lesion load. Top: A representative FLAIR sequence before and after
applying BIANCA, an automated classification algorithm, to detect white matter lesions (A and B, respectively). Lesion load was calculated by
applying a threshold of 80% to minimize false positives (B). This measure was validated against clinician-scored Fazekas gradings, and demon-
strated significant increases in lesion load with higher Fazekas scores (C). Bottom: Group lesion heat map representing probability of white matter
lesion presence (see colour bar) across the whole patient group. Axial, coronal and sagittal views from left to right.

field.”” Next, the mean FA image was created and thinned to
create a mean FA skeleton, which represents the centres of all
tracts common to the group. Each participant’s aligned FA data
were then projected onto this skeleton and the resulting data fed
into voxel wise cross-participant statistics. Each subject’s data
were manually checked at each step and no data were excluded
because of quality control issues.

The randomise function within FSL was used to carry out
non-parametric voxel wise analyses using 5000 permutations.
A general linear model was used to investigate the positive
and negative associations between apathy as a continuous
measure with FA while controlling for depression and age.
We then repeated this to assess the association with depres-
sion as a continuous measure while controlling for apathy
and age. Threshold-free cluster enhancement (TFCE) was
used to correct for multiple comparisons across space and
corrected P-values were thresholded at P <0.05.7%7°
Alongside the visible markers of SVD (see above and Fig. 3),
average FA across all skeletonized tracts was used as another
measure of disease severity to ensure that apathy related
changes were not due to generalized disease progression.
Specifically, we compared these measures to apathy and
accounted for their effects when investigating the influence of
apathy on specific FA tracts.

Data availability

Anonymized data are available on request.

Results

Apathy but not depression reduces
overall offer acceptance

The influence of apathy severity as a continuous variable
on the total number of offers accepted overall was
assessed using robust linear regressions. Patients with
greater apathy (higher AES score) accepted fewer offers
overall [F(1,79) = 5.167, P = 0.026; Fig. 1C]. This effect
was retained after including depression, age and cognitive
impairment as covariates in a multiple regression [F(1,74) =
4.51, P = 0.037]. By contrast, depression alone did not inde-
pendently influence the total number of offers accepted
[F(1,81) = 0.0013, P = 0.97]. Together these findings suggest
an independent effect of apathy but not depression on
motivated behaviour on this task. We note though that there
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was a significant positive correlation between apathy and
depression [Pearson’s #(79) = 0.38, P =0.0005], so these
constructs are clinically related but also dissociable as
shown by performance on our task. Additionally both
apathy and depression were independently associated
with reduced quality of life in a robust multiple regression
[F(1,73) = 8.15, P =0.005 and F(1,73) = 10.81, P = 0.002,
respectively].

Apathetic behaviour driven by
altered responsiveness to reward
and effort

A logistic regression with mixed effects was performed to
examine how apathy severity alters decision making with
varying levels of reward and effort. Two variations of this
model were constructed, one using the AES as a continuous
variable, and another using the clinical cut-off of AES >34
(Supplementary material, Models 1 and 2 in the ‘Choice
models’ section). Model 1 provided a superior fit to the
data, as measured by the Bayesian information criterion
(BICyp1 = 7341 and BICy, = 7423) and was therefore
deferred to where results between the two models diverged.
The results for Model 1, visualized in Fig. 4, demonstrated
a significant two-way interaction between apathy severity and
reward [#(14599) = +0.23, F(1,14599) = 13.49, P = 0.0002;
Fig. 4A]. Patients with apathy were less responsive to low lev-
els of reward. Additionally, a significant two-way interaction
was observed between apathy and effort: more apathetic
patients accepted fewer offers at high effort [#(14599) =
+0.24, F(1,14599) = 25.58, P < 0.0001; Fig. 4B]. Both these
effects were observed in Model 2. Notably there was a dis-
crepancy between the two models. Model 2, which divided
patients into two groups (apathetic and motivated), showed a
significant three-way interaction between reward, effort and
apathy [£(14599) = +0.11, F(1,14599) = 5.45, P = 0.019]. In
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contrast, Model 1, which investigated apathy scores as a
continuous variable, did not show such a significant three
way interaction [£(14248) = +0.085, F(1,14248) = 3.54,
P =0.059]. In this case we deferred to Model 1 as this pro-
vided a significantly improved model fit and was less likely
to demonstrate false positive statistical results, which are
more common when dichotomizing patients into binary
subgroups.

Speed and offer acceptance are
explained by evidence accumulation
model

In addition to choice, another behavioural parameter of
interest was reaction time, which we incorporated alongside
the choice data into a single DDM to gain further insight
into the behavioural mechanisms of apathy. A DDM’' was
fitted to the data using Bayesian statistical methods. This
approach confers the benefit of providing probability
distributions as a measure of certainty in our estimates
(components shown in Fig. 2A). Reward increased and
effort decreased drift rate respectively (Fig. 2B). A schematic
representation of how the drift rate varies with reward and
effort manipulations is depicted in Fig. 2C. Note that the
magnitude of change incurred by reward on drift rate was
significantly larger than that by effort (Ppp ~ 1). This
suggests that overall reward had a larger effect on decisions
than effort.

The model predictions for both acceptance rates and deci-
sion times were qualitatively similar to the raw data (Fig. 3,
top). Notably, the model accurately predicted the pattern of
increasing acceptance rates as the reward increased (Fig. SA)
as well as the high rejection zones (Fig. 5A) where the
reward was low and/or the effort was high. Similarly,
the segments of decision space with the highest decision
speed (Fig. 5C) were also accurately predicted. Both

C Difference in Prop. accepted

i3 6 9 1215
Increasing Reward

10 24 38 52 66 80
Increasing Effort

3

Ty L 1213

Figure 4 Behavioural performance comparing apathetic versus motivated SVD patients. (A) Patients with apathy accepted fewer
offers when the reward was low and (B) effort was high. (C) Difference in offers accepted between non-apathetic and apathetic individuals in re-

ward-effort decision space. Data are mean + standard error (A and B).
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Figure 5 Predicting apathetic behaviour using model parameters. Top: Model estimates of drift rate in each sector of decision space ac-
curately predicts the acceptance rate (AR) when compared with the raw choice data (A). (C) Similarly, the model accurately predicts reaction
times across different reward-effort combinations. Both acceptance rate and reaction time are derived from the drift rate, V,. (B) using equations
(1) and (2), respectively. Apathy severity (given here as z-scores) is associated with reduced drift rate overall (D), and specifically altered (change)
the effect of reward on drift rate (E). (F) Apathy did not significantly influence the effect of effort on the drift rate.

acceptance rates and decision times were derived from the
drift rate, V, using the equations highlighted at the top of
Fig. 5. The seven model parameters were subsequently
regressed against apathy and depression using robust
multiple regressions.

Apathy associated with reduced
evidence accumulation (drift) rate

Age was included as a covariate, as it independently
decreased the baseline drift rate, vy, [F(1,80) = 4.97,
P =0.028]. Crucially, apathy was associated with significant-
ly reduced vo, [F(1,76) = 4.08, P =0.047; Fig. 5D] while
accounting for depression, which had no effect on drift rate
[F(1,76) = 0.11, P = 0.73]. Additionally, apathy significantly
altered the effect of reward on drift rate, v, [F(1,76) = 7.47,
P =0.006; Fig. SE], but did not influence the effects of effort
on drift rate, v, or the reward x effort interaction with drift
rate, vy=. [F(1,76) = 1.53, P = 0.22; Fig. 5F; and F(1,76) =
1.59, P = 0.21, respectively]. Finally, apathy was not associ-
ated with changes to the decision threshold boundary, a
[F(1,76) = 0.93, P =0.33], nor the bias, z [F(1,76) = 0.15,
P=0.70].

Depression associated with increase
in evidence required to make
decisions

While accounting for apathy and age, depression was associ-
ated with an increase in the decision boundary, a [F(1,76) =
4.74, P =0.033]. Depression was not associated with drift
rate components v, U, Or v+, [F(1,76) = 2.62, P=0.11;
F(1,76) = 0.066, P = 0.80; and F(1,76) = 0.62, P = 0.43, re-
spectively]. Finally there was no association between depres-
sion and the bias term, z [F(1,76) = 2.67, P = 0.098].

Taken together, this analysis demonstrates that apathy
and depression have dissociable effects on DDM parameters.
Namely, apathy severity reduced the rate of evidence accu-
mulation (drift rate) towards accepting offers. Additionally,
the most important criterion in driving decisions in apathy
was reward magnitude. On the other hand, depression
increased the amount of evidence required for making a de-
cision, resulting in longer reaction times and less noisy deci-
sions, likely due to increased caution when weighing up
offers.

It might be argued that these effects relating apathy to
drift rate and its components are due to disease severity ra-
ther than apathy per se. To investigate this, we included
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white matter lesion load and global white matter integrity
(average FA) as covariates in an additional model. Both the
association of apathy with vy and v, were retained [F(1,56) =
4.12, P =0.047; and F(1,56) = 5.43, P =0.02, respectively].
Similar results were obtained if only one of white matter le-
sion load or global white matter integrity was used as a
covariate instead of both [F(1,57) = 4.51, P =0.038; and
F(1,57) = 4.12, P = 0.047, respectively]. Hence general dis-
ease severity alone does not account for the behavioural
changes associated with apathy in the DDM. Together, the
findings suggest that apathetic patients require more time to
accumulate evidence in favour of accepting offers. This effect
is particularly evident when evaluating rewards, hence their
tendency to reject low reward offers more readily (Fig. 4A).
Notably, these effects were not observed in depression, nor
were they fully explained by disease severity.

Diffusion-weighted imaging

Apathy characterized by reduced white matter
integrity

Sixty-seven patients were included in this analysis. FA was
negatively associated with apathy within several white mat-
ter tracts (Fig. 6). These included: anterior cingulum bilat-
erally, anterior thalamic radiation within the anterior limb

Depression

)

x=-12
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of the internal capsule (left), corpus callosum, and uncincate/
inferior fronto-occipital fasciculus within the external
capsule.

The association between FA in these tracts and apathy
was retained after adjusting for both lesion load and the
number of lacunar infarcts in a multiple regression
(Supplementary material). Neither lesion load nor the num-
ber of lacunar infarcts was primarily associated with apathy
[F(1,59) = 0.098, P = 0.75; and F(1,59) = 0.1, P = 0.75, re-
spectively]. No positive association between FA and apathy
was observed in any tract. Importantly, depression was not
associated with any changes in FA after accounting for
apathy.

Additionally, we extracted the average FA across the
whole white matter tract skeleton for each subject to investi-
gate the association between apathy and global white matter
integrity. When the same covariates as in the initial analysis
were included, there were no significant associations be-
tween average FA and either apathy [F(1,63) = 1.29,
P=0.26] or depression [F(1,63) = 0.32, P=0.57].
However, age was significantly associated with reductions in
FA [F(1,63) = 11.20, P = 0.0014] confirming its generalized
effect on white matter integrity. Thus, the effects of apathy
on white matter were not general but instead specific to
those identified in Fig. 6.

Figure 6 Tracts with reduced fractional anisotropy associated with apathy. Relevant brain regions are highlighted to demonstrate tract
positions relative to the dorsal ACC (dACC, blue), vVMPFC, and the nucleus accumbens (nAcc), all implicated in effort based decision-making
studies in healthy individuals. Note no regions were identified to be associated with depression (bottom). AC = anterior cingulum; ALIC = anter-
ior limb of the internal capsule; ATR = anterior thalamic radiation; EC = external capsule; IFOF = inferior fronto-occipital fasciculus; UF = uncin-

ate fasciculus.
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Figure 7 Drift rate is associated with white matter integrity in the apathy network. Association between drift diffusion model
parameters and fractional anisotropy within the apathy network (top, red) and two control networks (sensory-motor, green and auditory, blue).
Drift rate was significantly associated with white matter integrity within the apathy network (bottom left) but not the control networks. These
effects were not associated with the reward and effort related changes in drift rate.

Table | Demographics

Measure Patient cohort
n=82
Age, years 68 (1)
Gender, female/male 37/45 (45%/55%)
Apathy®, AES, range 0-72 32(8)
Depression, BDI, range 0-63 10 (7)
Cognition®, ACE-Ill, range 0—100 90 (8)
Quality of life, CANTRIL, range 0-10 7.32 (1.64)
Apathetic® (AES > 34), yes/no 26/54 (33%/67%)

Statistics are presented as mean (SD) unless otherwise shown.
?Data missing for two participants.
®Data missing for three participants.

Drift rate is significantly associated with reductions
in fractional anisotropy

Is drift rate in the DDM associated with white matter integ-
rity changes within the brain network identified as being
associated with apathy? To answer this question the FA val-
ues within this network (Fig. 7, top) were extracted, together
with those in two ‘control’ white matter tract networks.
These were the sensorimotor network (SMT), consisting of
the corticospinal tracts and superior longitudinal fasciculi bi-
laterally (Fig. 7, top), and the auditory network, consisting
of the acoustic radiations bilaterally (Fig. 7, top).®° There
was a significant positive correlation between baseline drift
rate vy and FA within the apathy network, but not the two

control networks (Fig. 7, bottom left), even after correcting
for multiple comparison [F(1,58) = 14.58, P =0.0009]
indicating that integrity of those tracts is associated with
higher rate of evidence accumulation to accept offers.

No significant associations were observed between FA in
the apathy network and the effects of reward [F(1,58) =
1.15, P = 0.29] or effort [F(1,58) = 0.058, P = 0.81] on drift
rate. There was a significant positive association between the
effect of effort on drift rate and the auditory network but
this did not survive correction for multiple comparison. The
decision threshold and bias parameters were also not associ-
ated with FA changes [F(1,58) = 1.64, P = 0.20; and F(1,58)
= 0.95, P = 0.33, respectively]. Overall, this analysis demon-
strates that significant decreases in motivated behaviour, as
defined by a general reduction in baseline drift rate, are asso-
ciated with white matter tract changes identified to be asso-
ciated with clinical apathy in SVD. Notably, this was
observed for only the overall drift rate, and not the interac-
tions of reward and effort with drift rate. This suggests that
while the overall drift rate reductions in apathy are associ-
ated with white matter integrity changes, the altered reward
responsiveness in apathetic subjects may arise via secondary
mechanisms.

Discussion

The findings presented here demonstrate that apathy in late-
onset, sporadic SVD is characterized by distinct structural
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and functional correlates. SVD patients with apathy
accepted less monetary offers overall in an effort-based deci-
sion-making task, and this effect was found to be independ-
ent of depression severity. Additionally, further behavioural
analyses suggest apathy is mediated by a combination of
reduced sensitivity to reward (reduced acceptance of offers
at low rewards) and increased aversion to high effort
(reduced acceptance of offers at high efforts). Combining
both choice and reaction time data into a mechanistic model
of decision-making (DDM), revealed two key signatures of
apathetic behaviour that were independent from depression.
These were a significant reduction in the rate at which indi-
viduals accumulate evidence in favour of initiating rewarded
effortful actions (decreased vy), as well as an increased reli-
ance of this drift rate on reward magnitude. Static properties
of the DDM (non-decision time, initial bias, threshold) were
unaffected by apathy. Importantly, these effects were dissoci-
ated from depression, which increased the overall evidence
required for making decisions, represented by an increase in
the decision boundary parameter.

Reduced white matter tract integrity, which crucially could
not be accounted for by general SVD disease severity, was
associated with apathy. This included tracts within the cin-
gulum and the anterior limb of the internal capsule which
are known to connect brain regions commonly implicated in
effort-based decision making such as the ACC, vmPFC and
ventral striatum.””*®3% By contrast, no significant white
matter changes were associated with depression when
accounting for apathy. Finally, by using task-derived DDM
parameters, we were able to associate the behavioural and
anatomic changes in apathy. There was a significant nega-
tive correlation between drift rate to decision threshold and
the brain network identified to be associated with apathy in
SVD, but not two control networks. Together, these findings
reveal a strong association between structural and functional
changes underlying the syndrome of apathy in SVD.

Behavioural findings and modelling

The behavioural effects delineated here were associated with
apathy, rather than arising as a general consequence of SVD
severity (indexed by white matter lesion load or average
FA), cognitive impairment, age and—most importantly—
depression. Thus, although apathy and depression were
significantly correlated on clinical measures, they diverged
with respect to their association with performance on the ef-
fort-based decision-making task used here, as well as in the
neuroimaging findings (discussed in detail below).

The behaviour of apathetic patients with sporadic SVD on
our paradigm in some ways resembles that previously
reported in both CADASIL*® and Parkinson’s disease.”***
Specifically, individuals with apathy were less likely to ac-
cept offers whose reward outcome was low (Fig. 4A), despite
engaging with high reward offers in a similar manner as
their motivated counterparts. On the other hand, we also
observed an increased rejection of offers by SVD apathetic
participants when effort requirements were high (Fig. 4B),

Y. Saleh et al.

which has not been reported previously in CADASIL*® or
Parkinson’s disease.”®>* This suggests that while reward in-
sensitivity might be a common, unifying behavioural finding
in apathy across neurological conditions, there may also be
some differences in effort-related decisions when comparing
behaviour across patient groups. Apathy in sporadic SVD
shows evidence of significant hypersensitivity to effort, as
well as lack of incentivization by low rewards.

Choice data alone are an incomplete representation of
motivated behaviour as they do not include reaction time
metrics. We therefore combined both into a Bayesian DDM,
providing for the first time a mechanistic account of apathet-
ic behaviour using this framework. Effort-based decisions
could be described using seven core parameters. Two of
these were altered in apathy while accounting for depression
(Fig. 5, bottom). First, the baseline drift rate (vo) was
reduced suggesting that evidence accumulation towards
making a choice is reduced overall in apathy (Fig. 5D).
Second, reward was significantly more likely to alter the
drift rate in apathetic patients compared to their motivated
counterparts (Fig. SE). This can be interpreted as low reward
promoting more rejection, without changing the speed or ef-
ficiency of decision-making when reward is high. Drift rate
changes can be mapped on to changes in signal-to-noise
ratio of information accumulation. However, our results
cannot be explained solely in terms of increased decision
noise in apathy, because crucially this would lead to differ-
ences in both effort and reward sensitivity. Additionally, we
demonstrated this empirically by including decision noise as
a covariate in an additional drift diffusion model, which
demonstrated no association between apathy and decision
noise (Supplementary material). Note that it is not possible
to separate global changes in decision noise from changes in
threshold, in the standard DDM. Taken together, these
findings suggest that while apathetic patients may be slower
and less likely to exert effort overall, their willingness to
exert effort is significantly influenced by how rewarding the
outcome of their action is. By contrast, depression was
independently associated with an increase in the threshold
boundary for making decisions, demonstrating dissociable
behavioural effects of apathy and depression in SVD.

To the best of our knowledge, this is the first time it has
been shown that performance on this effort-based decision
making task can be accurately and successfully modelled
using DDM’? and how it relates specifically to a significant
reduction in the drift rate in apathy. DDM is now a well
validated approach, traditionally used to model perceptual
paradigms®' and more recently, value-based decisions.®'"*?
One important potential use of DDM in apathy may be to
quantify treatment effects following potential therapeutic
interventions, as well as to reveal their precise mechanism of
action—on reward or effort sensitivity or decision threshold.
A recent study demonstrated that the decision threshold par-
ameter a could predict relapses in patients with depression
after discontinuation of anti-depressant therapy.®* This is
notable as we were able to demonstrate a similar association
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between questionnaire measures of depression and the
parameter a in our SVD cohort.

In apathy there has been some evidence suggesting a role
for dopaminergic therapy as a possible treatment.'®*8
Therefore, DDM parameters may serve as valuable behav-
ioural markers of disease progression and treatment re-
sponse. They can also be used to investigate the cognitive
effects of invasive procedures such as deep brain stimulation
whose targets are often implicated in effort-based decision
making.*®® Combined with DDM, this task can now also
be used to validate amotivated behaviour in other neuro-
logical conditions where it is common such as Alzheimer’s
disease,®” Huntington’s disease,”” traumatic brain injury’”>"!
and stroke.”

Brain networks

Anatomically, apathy was associated with white matter tract
changes in several tracts including: anterior cingulum, anter-
ior limb of the internal capsule, corpus callosum, uncincate
fasciculus, anterior thalamic radiation and inferior fronto-oc-
cipital fasciculus (Fig. 6). Notably, the DDM drift parameter
vg, which represents the baseline rate of approaching the de-
cision threshold (Fig. 2), was also significantly associated
with the changes in these tracts even after controlling for
two control tracts (Fig. 7). Additionally, apathy was not
associated with a global measure of white matter tract integ-
rity, defined as the mean FA across all defined tracts. This
suggests that the anatomical changes observed in apathy are
specific to the aforementioned tracts and may be associated
with overall changes in motivated behaviour as predicted by
the modelling parameter v,. Finally, whereas these changes
were observed while accounting for depression, there were
no significant white matter associations noted for depression
when accounting for apathy (Fig. 6).

The human cingulum bundle is considered to be a large-
scale white matter system, carrying fibres associated with
several different major white matter tracts, including those
linking vmPFC, ACC and the presupplementary to the
motor apparatus in supplementary motor and primary
motor regions.”® It has been linked to the initiation of self-
rather than externally-generated movements”® and lesions
involving the cingulum can result in severe forms of apathy
manifest as akinetic mutism.>*** The finding of cingulum in-
volvement in our study is largely concordant with previous
reports in both genetic>® and sporadic®** forms of SVD.
The anterior cingulum bundle also has been previously
implicated in apathy across several different neurological
conditions,®*>"*% as well as in healthy individuals.?”

Functional imaging studies in healthy individuals have led
to the conclusion that cortical regions linked by the cingu-
lum play a key role in effort-based decision making for
rewards. While the ACC appears to integrate reward and ef-
fort signals to compute net subjective value,>”*%33
within vmPFC correlates positively with increasing reward
magnitude.*>”® In the current study, only a specific portion
of the bundle appeared to be associated with apathy (Fig. 6,

activation
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top row), in close proximity to the anterior mid-cingulate
gyrus, suggesting that only alterations within the cingulum
here might be sufficient to alter motivational states. This
was supported by a recent study by Caruana and colleagues
who investigated the functional localization within the cin-
gulate cortex through intracortical stimulation of 329 sub-
jects.”” They observed an exclusive localization of goal-
directed behaviour to the anterior mid-cingulate region
supporting our findings.

Additionally, the imaging analyses performed here identi-
fied the internal limb of the internal capsule as being associ-
ated with apathy (Fig. 6, top row). Recent evidence has
highlighted an important role of the anterior limb of the in-
ternal capsule (ALIC) as a conduit for tracts linking frontal
brain regions (including both medial orbitofrontal cortex,
vmPFC and dACC) to subcortical structures including the
ventral striatum, midbrain and medial thalamic nuclei.”®1%°
A tracing study by Safadi ez al.'® further segmented tract
pathways within the ALIC into five distinct subgroups based
on their cortical origins, demonstrating that white matter
tract deficits in distinct subsegments within the ALIC.
Unsurprisingly, the ALIC has been used as a deep brain
stimulation target for several psychiatric conditions, includ-
ing major depressive disorder'’" and OCD.'**

Widespread changes associated with apathy were also
observed within the corpus callosum and uncinate fasciculi
bilaterally (Fig. 6). Both tracts have previously been
associated with apathy in SVD,%** as well as Alzheimer’s
disease.'%>1%* The brain regions connected by these tracts
(Fig. 6, top left) encompass the medial forebrain regions
such as the vmPFC and dACC, as well as subcortical struc-
tures within the basal ganglia such as the ventral
striatum,'7*>19

That we were able to correlate these changes to our be-
havioural modelling parameters supports the hypothesis that
apathetic behaviour arises from specific white matter tract
changes within a network connecting medial frontal regions
to the basal ganglia. However, it is important to note that
these brain changes were associated with only the baseline
drift rate vy and crucially were not linked to the reward and
effort sensitivities per se (Fig. 7). By contrast, DDM revealed
also effects of reward on drift rate, v: reward, significantly
altered drift rate in apathetic compared to motivated
patients. The lack of such an association with white matter
structural parameters might potentially be due to lack of
sensitivity of MRI or current analysis tools. An alternative
explanation is that it is possible that some behavioural mani-
festations of apathy do not have structural correlates. For
example, they might occur as a result of alterations of neuro-
transmitter changes. Regardless of the precise cause, the
findings presented here suggest that white matter tract
changes reduce overall goal-directed behaviour. This might
in turn alter responsiveness to reward outcomes and/or
effort costs, but exactly how this occurs remains to be
established.

The associations between FA changes and apathy in our
study were present after adjusting for lesion load and
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lacunar infarcts, neither of which were significantly predict-
ive of apathy in our patient group. While some studies have
demonstrated such associations between apathy and visible
markers of SVD, these findings are often inconsist-
ent, 6373740106 Noreover, recent findings show that DWI
metrics can be more sensitive than visible markers of SVD
alone in detecting white matter disruption.**>'?7-108

In summary, this is the largest study to date to combine
behavioural and anatomical methods to investigate the syn-
drome of apathy in SVD. We also report the first application
of drift diffusion modelling to a well-validated paradigm,
which can be easily replicated in future studies. Importantly,
parameters from this model were strongly associated with
the anatomical changes, allowing investigators to bridge
findings across behaviour, modelling and neuroimaging tech-
niques. The findings presented here provide some support
for a transdiagnostic model of apathy, across neurological
disorders. While the deficits in reward related processing
were largely concordant with previous studies, we also re-
port effort aversion in apathy for the first time. Both effects
may arise in apathy as a result of network disruption, in this
case via white matter tract changes, within the medial front-
al regions and the basal ganglia.
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