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patients with and without apathy. Design: Cross-sectional case-conitrol stud)y.
Setting: Fifty-eight clinical sites in phase 2 of the AD Neuroimaging Initiative
across the United States and Canada. Participants: The > 55 years of age with
MCI or AD dementia and no major neurological disorders aside from suspected
incipient AD dementia. Participants with apathy (n = 69) were age-, sex-, apoli-
poprotein E ¢4 allele carrier status-, Mini-Mental State Exam score-, and MCI or
AD dementia diagnosis-matched to participants without apathy (n = 149).
Interventions: The 3-tesla T1-weighted MRI scan and neurocognitive assess-
ments. Using the Neuropsychiatric Inventory apathy domain scores, partici-
pants were dichotomized into a with-apathy group (score > 1) and a without-
apathy group (score = 0). Measurements: Cortical thicknesses from 24 a priori
regions of interest involved in frontostriatal circuits and frontotemporal associ-
ation areas. Results: False-discovery rate adjusted within-group comparisons
between participants with apathy and participants without apathy showed
thinner right medial orbitofrontal (mOFC; mean difference (MD) + standard
error of MD (SE) = —0.0879 + 0.0257 mm; standardized MD (d) = —0.4456)
and left rostral anterior cingulate (rACC; MD + SE = —0.0905 + 0.0325

mm; d = —0.3574) cortices and thicker left middle temporal cortices (MTC; M
D+SE=0.0688 + 0.0239 mm; d =0.3311) in those with apathy.
Conclusion: Atrophy of the right mOFC and left rACC and sparing of atrophy
in the left MTC are associated with apathy in cognitively impaired persons.
(Am J Geriatr Psychiatry 2020; HN:HE-HNE)

OBJECTIVE

l1zheimer’s Disease (AD), an age-related neuro-

degenerative illness characterized by progres-
sive cognitive decline and brain atrophy, accounts for
60%—80% of dementias." Apathy, a neuropsychiatric
symptom as associated with deficits in goal-directed
behaviour, is present in 39% of individuals with mild
cognitive impairment (MCI) and 72% of patients with
AD.” In those with subjective cognitive concerns or
MCI, apathy is associated with a twofold increased
risk of dementia.”* Clarifying the specific structural
correlates of apathy may support the development of
therapeutic approaches and improve outcomes.

Le Heron et al.”® hypothesize that frontostriatal
circuits including brain regions such as the ventrome-
dial prefrontal cortex, anterior cingulate cortex, stria-
tum, and supplementary motor area/posterior mid-
cingulate cortex are involved in the generation of
goal-directed behaviours, while deficits in these
regions may manifest as apathy. Several studies
across neuroimaging modalities support the link
between frontostriatal deficits and apathy, both as a
transdiagnostic feature across brain disorders’ and
specifically in AD.® Cortical grey matter (GM)

atrophy in frontotemporal association areas such as
the dorsolateral prefrontal cortex,” ' ventrolateral
prefrontal cortex,'”'” and areas within the temporal
cortex' "> has also been associated with apathy in
AD. With that said, degeneration in these regions is a
core feature of AD pathology, especially as the dis-
ease enters more advanced stages.'” Given that the
prevalence of apathy increases with dementia sever-
ity,” the average cognitively impaired patient with
apathy is likely at a more advanced stage of AD com-
pared to one that does not experience apathy; thus,
disease stage could confound which brain regions are
associated with apathy in AD, especially if such dif-
ferences are not accounted for in inferential analyses.
This could explain the wide heterogeneity of brain
regions associated with apathy in AD, whereas a
nuanced approach toward controlling disease stage
may help de-obfuscate the specific brain regions asso-
ciated with apathy.

In light of this, we sought to clarify which previ-
ously reported region-wise GM differences are associ-
ated specifically with apathy across the spectrum of
cognitive impairment using data from the Alz-
heimer’s Disease Neuroimaging Initiative (ADNI).
Differences were assessed by measuring GM thick-
ness for cortical regions of interest (ROIs). To account
for potential confounding due to differences in
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disease stage, within-strata comparisons were per-
formed between participants with and without apa-
thy matched for age, sex, apolipoprotein E epsilon 4
(APOEA4) allele carrier status, Mini-Mental State Exam
(MMSE) score, and MCI or AD diagnosis. We hypoth-
esized that apathy would be associated with discrete
patterns of regional brain atrophy in frontostriatal cir-
cuits and frontotemporal association areas amongst
persons with cognitive impairment due to no neuro-
logical diseases other than suspected incipient AD.

METHODS
Participants

Data from participants in the ADNI database were
extracted.'® ADNI was launched in 2003 to test
whether neuroimaging, biological, and clinical
markers can be combined to measure the progression
of AD. Only participants from ADNI phase 2
(ADNI2) were examined. ADNI2 inclusion criteria
specified participants that were between 55 and
90 years of age at time of enrolment (inclusive) with
Modified Hachinski'/ scores < 5 and Geriatric
Depression Scale (GDS)'® scores < 6. Participants
were excluded from ADNI2 if they exhibited any sig-
nificant neurologic disease other than suspected
incipient AD.

Data from the most recent visit of each ADNI2 par-
ticipant that completed both the Neuropsychiatric
Inventory and a 3T T;-weighted magnetic resonance
imaging (MRI) scan on the same date was selected. Of
610 participants identified, 203 were cognitively nor-
mal (CN), 266 had MCI, and 141 had AD dementia.
Herein, these data are described as the “original
data.” As we sought to examine GM differences asso-
ciated with apathy across cognitively impaired (CI)
participants, CN participants were excluded from the
main analysis. However, comparisons with CN par-
ticipants were performed in supplementary analyses
and are described in Supplemental Digital Content.
Since ADNI screened participants for neurologic dis-
eases other than suspected incipient AD, we reasoned
that MCI and AD dementia participants likely exhib-
ited cognitive impairment due to AD pathology. We
were also interested in effect of apathy from a trans-
diagnostic perspective, so we combined the MCI and
AD dementia groups, leaving 407 CI participants in
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the original data. Nevertheless, subsequent inferential
analyses accounted for differences in diagnosis via
match strata or directly as fixed effects.

Clinical Assessments

Participants from ADNI2 completed several assess-
ments, including the MMSE, (measures global cogni-
tive impairment, scored from 0 [worst] to 30 [best]);"”
the Montreal Cognitive Assessment (MoCA, meas-
ures cognitive impairment, scored from 0 [worst] to
30 [best]);”” the Clinical Dementia Rating scale (CDR,
measures cognitive and functional impairment due to
dementia across 6 subscales, each scored on a 5-point
scale from 0 [best] to 3 [worst]);”' the Functional
Activities Questionnaire (FAQ, measures functional
impairment, scored from 0 [best] to 30 [worst]) ;%2 and
the Neuropsychiatric Inventory (NPI).** For the CDR,
cognitive and functional subsums of boxes (range
from 0 [best] to 9 [worst])** were also computed, as
well as the CDR sum of boxes (CDR-SB, sum of all 6
subscales, scored from 0 [best] to 18 [worst]).”' The
NPI is a clinical assessment that examines 12 behav-
ioural domains, and each domain is scored for symp-
tom frequency (0 [none] to 4 [very frequently]) and
severity (0 [none] to 3 [severe]). The product of these
scores provides a total domain score (0 [best] to 12
[worst]). The NPI apathy domain score was used to
dichotomize participants into two categories: with
apathy (NPI-Apathy > 1) or without apathy (NPI-
Apathy =0).

Neuroimaging Analysis

Preprocessed Ti-weighted MRI scans were
retrieved from ADNI for each participant. MRI acqui-
sition and preprocessing for ADNI2 have previously
been described.”

The recon-all pipeline from FreeSurfer version 6.0
was performed on preprocessed scans using the Free-
Surfer recon-all Brain Imaging Data Structure App
software on two high-performance computing clus-
ters: the Niagara Supercomputer from SciNet at the
University of Toronto (Toronto, Canada)”” *” and Sci-
entific Computing Cluster at the Centre of Addition
and Mental Health (Toronto, Canada). FreeSurfer
methods and documentation have previously been
described and can be found online (see http://surfer.
nmr.mgh.harvard.edu). Cortical thicknesses by
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regions defined in the Desikan-Killiany atlas™ were
computed from reconstructed surface parcellations.
Quality control (QC) checks were performed on MRI
scans and their respective reconstructed surfaces
using VisualQC? for visualization and Qoala-T*" for
assisted, semi-automated assessments; QC methods
are described further in the Supplemental Digital
Content (see Supplementary Methods).

Cortical thicknesses were examined from 24 bilateral
a priori regions of interest (ROIs). ROIs were selected
based on reported findings from previous studies that
investigated apathy in cognitively impaired partici-
pants. Frontostriatal circuits included the following
ROlIs: superior frontal cortex, medial orbitofrontal cor-
tex (mOFC), rostral anterior cingulate cortex (rACC),
and caudal anterior cingulate cortex. Frontotemporal
association areas included the following ROIs: in the
frontal lobe, rostral middle frontal cortex, lateral orbito-
frontal cortex, pars orbitalis, and pars triangularis; in
the parietal lobe, supramarginal areas; and in the tem-
poral lobe, superior temporal cortex (STC), middle tem-
poral cortex (MTC), and inferior temporal cortex. A
schematic of a priori ROIs is provided in the Supple-
mental Digital Content (see Supplementary Figure 1).
Cortical thicknesses were not spatially normalized as
previous studies have indicated that doing so may
introduce confounds and statistical noise.”

Case-Control Matching

Coarsened Exact Matching (CEM)** was applied to
match participants with apathy (“cases”) to partici-
pants without apathy (“controls”) within strata
formed from unique combinations of match variable
bins. The match variables selected were age, sex,
APOE4 carrier status, MMSE score, and diagnostic
status. The selection of match variables is discussed in
greater detail in the Supplemental Digital Content
(see Supplementary Methods). Age was divided into
8 5-year bins (55—59, 60-64, ..., 85—89, 90—94). Sex
was divided into 2 bins (male or female). APOE4
allele number was divided into two bins (0 alleles or
> 1 allele; i.e., APOE4 carrier status). MMSE score
was divided into 5 4-point bins (< 14, 15-18, 19-22,
23-26, 27-30). Diagnostic status was divided into
two bins (MCI or AD dementia). Each stratum was
assigned weights to normalize the distribution of con-
trols to the distribution of cases. CEM weighting is
discussed further in the Supplementary Methods.

Matching was implemented with the MatchIt” ver-
sion 3.0.2 package for R version 3.5.1.

Inferential Statistics

Demographics and clinical assessment scores
between participants with and without apathy in the
original data were compared with, for (pseudo-)con-
tinuous variables, Welch’s t test for differences in
means; for nominal categorical variables, Pearson’s
chi-squared test for independence in frequencies; and
for ordinal categorical variables, the Cochran-Armit-
age test for trend.

For comparisons in the matched samples, strata-
wise mean differences between participants with or
without apathy amongst (pseudo-)continuous varia-
bles were tested using linear mixed-effects models,
with CEM strata entered as random factors (random
intercepts model) and CEM weights entered as
weights. The unstructured variance-covariance struc-
ture was used to model the random effects, and mod-
els were fitted with the restricted maximum likelihood
(REML) criteria. Models were implemented with
Ime4™ version 1.1-21 and lmerTest” version 3.0-1 for
R version 3.5.1. For nominal categorical variables, tests
for strata-wise independence (i.e., conditional inde-
pendence) of apathy and the respective variable were
performed with the generalized Cochran-Mantel-
Haenszel (CMH) test using CEM weights as frequen-
cies. For ordinal categorical variables, tests for strata-
wise trend were also performed with the generalized
CMH test using CEM weights as frequencies. The
CMH statistic for general association was reported for
tests of independence, and the CMH statistic for dif-
ferences in row mean scores was reported for tests of
trend where participants with or without apathy were
represented as rows. CMH tests were implemented
with vedExtra™ version 0.7-1 for R version 3.5.1.

A mixed-effects analysis of variance (ANOVA) was
designed to test whether cortical thicknesses differed
by ROIs between participants with and without apa-
thy. The dependent variable was cortical thickness.
Fixed effects were the ROlISs, the presence or absence
of apathy, and the apathy x ROlIs interaction. CEM
match strata were included as random factors (ran-
dom intercepts model) to adjust for within-strata vari-
ation, serving as a pseudovariable for the match
variables of age, sex, APOE4 carrier status, MMSE
score, and diagnostic status. Participant IDs were
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included as random factors to adjust for within-sub-
ject variation across ROI thicknesses. The unstruc-
tured variance-covariance structure was used to
model the random effects. The models were adjusted
with CEM weights and fitted with the REML criteria.
Satterthwaite’s method was used to estimate residual
degrees of freedom.” The apathy x ROIs interaction
was the effect of interest, and the null hypothesis for
the interaction (that there are no ROI-wise differences
in cortical thicknesses between participants with and
without apathy) was rejected if p was less than
o = 0.05. Effect sizes in the form of partial coefficients
of determination (partial R?) were estimated with the
Nakagawa and Schielzeth approach using the
r2glmm™’ version 0.1.2 package for R version 3.5.1.

If the apathy x ROIs interaction was significant in
the above analysis, then each ROI would be examined
in separate post-hoc mixed-effects univariate ANOVAs
to investigate which specific ROIs were associated
with apathy. The dependent variable was the ROI-spe-
cific cortical thickness. The fixed effect of interest was
the presence or absence of apathy, and CEM match
strata were included as random factors (random inter-
cepts model). The unstructured variance-covariance
structure was used to model the random effects. The
models were adjusted by CEM weights and fitted with
the REML criteria. To adjust for multiple comparisons,
only findings that survived the false discovery rate
(FDR) correction at q = 0.05 were considered signifi-
cant. However, findings that reported unadjusted p <
0.05 were also reported for completeness. Estimated
Marginal Means (EMMs) were computed from post-hoc
models to estimate ROI thicknesses for each group
when applicable. Effect sizes in the form of standard-
ized mean differences were also computed by stan-
dardizing ROI-wise cortical thickness measurements
and re-running the models.*'

All models were checked for homogeneity of
within strata variance via Fligner-Killeen test and nor-
mality of residuals via Q-Q plots.

RESULTS
Participants and Matching

Prior to matching, 407 CI participants were identi-
fied from ADNI. 23.6% of the participants exhibited
apathy (n = 96). There were no significant differences
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in mean age, sex, or number of APOE4 alleles
between participants with and without apathy.
Participants with apathy had lower MMSE and
MoCA scores, greater FAQ and CDR scores, and
were more frequently diagnosed with AD dementia
rather than MCI compared to participants without
apathy. Comparisons between the original set of CI
participants with apathy to the matched CI partici-
pants with apathy are summarized in Supplemental
Digital Content (see Supplementary Results and
Supplementary Table 1).

After CEM, 36 strata containing at least 1 partici-
pant with apathy and at least 1 participant without
apathy were identified. Within these strata, 69 partici-
pants with apathy were matched to 149 participants
without apathy. Comparing the matched participants
with apathy to the matched participants without apa-
thy, there were no significant strata-wise differences
in mean age, sex, number of APOE4 alleles, MMSE
scores, and diagnosis. Matched participants with apa-
thy had significantly greater FAQ scores and CDR
subscores for measures related to functional
impairment. The CDR orientation subscore was also
greater amongst matched participants with apathy.

CI participant demographics for the original and
matched data are summarized in Table 1 and
Table 2. Balance statistics for match variables show
that CEM was effective at minimizing differences in
match variable means and frequencies between CI
participants with apathy matched to those without
apathy; these results are summarized in Supple-
mental Digital Content (see Supplementary Results
and Supplementary Table 2).

Cortical Regions of Interest Analysis

ROI differences are with respect to a participant
with apathy relative to an age-, sex-, APOE4 carrier
status-, MMSE score-, and MCI or AD diagnosis-
matched participant without apathy. No mixed-
effects models showed gross violations of strata-
wise homoscedasticity or deviations from normal-
ity. Figure 1 describes results from post-hoc univari-
ate models for ROIs that showed uncorrected
p <0.05.

As indicated by the apathy x ROIs interaction in
the mixed-effects analysis, relative ROI-wise differ-
ences in cortical thicknesses between CI participants
with and without apathy were detected
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TABLE 1. Demographics of Cognitively Impaired Participants from the Original Data

CI Without
All CI Participants CI With Apathy Apathy
Statistic*  df P
N 407 96 311
Age (SD), years 74.84 7.57) 7576  (6.40) 7456 (7.89) t=-1514 191.89  0.1317
Sex x> =2.406 1 0.1209
Female (%) 172 (42.3) 34 (35.49) 138  (44.9)
Male (%) 235 B7.7) 62 (64.6) 173 (55.6)
Education (SD), years 16.12 (2.69) 15.72 .78) 16.24 (2.66) t=1.637 152.45 0.1037
APOE4 x*=3.490 2 0.1746
Nomn-carrier (%) 195 47.9) 38 (39.6) 157  (50.5)
Heterozygous carrier (%) 160 (39.3) 44 (45.8) 116 (37.3)
Homozygous carrier (%) 52 (12.8) 14 (14.6) 38 2.2
MMSE (SD) 25.61 “.A4D 23.66  (4.53) 2622 (4.19) t=4929 14867  <0.0001
CDR
Sum of Functional Subscales (SD) 1.07 (1.38) 2.06 (1.45) 076  (1.20) x*=64.315 1 <0.0001
Personal Care (SD) 0.18 0.42) 0.38 0.57) 012 (034 x*=28331 1 <0.0001
Community Affairs (SD) 0.41 ©.51) 0.78 051) 030 (0.46) x*>=63.893 1 <0.0001
Home & Hobbies (SD) 0.48 .61 0.91 ©0.61) 035 (054 x*=60.251 1 <0.0001
Sum of Cognitive Subscales (SD) 1.82 (1.39) 2.67 (1.28) 155 (1.32) x*=46.588 1 <0.0001
Judgement & Problem Solving (SD) 0.55 (0.48) 0.83 (0.43) 047  (0.46) x*=42.364 1 <0.0001
Memory (SD) 0.76 (0.49) 1.01 047) 068 (0.46) x>=32.469 1 <0.0001
Orientation (SD) 0.50 0.56) 0.83 0.55) 0.40 0.52) )(2 =42.370 1 <0.0001
Sum of Boxes (SD) 2.89 (2.66) 4.73 (2.52) 231 (243) x*=59.844 1 <0.0001
MocCA (SD) 21.45 (5.45) 19.04 (5.29) 22.17  (5.30) t=4.952 148.01 <0.0001
FAQ (SD) 7.48 8.5D) 1324 (822 570 (7.80) t=-7.944 15148  <0.0001
Diagnosis Xx°=46.223 1 <0.0001
MCI (%) 266 (65.4) 35 (36.5) 231 (74.3)
Dementia (%) 141 (34.6) 61 (63.5) 80 25.7)
NPI Apathy t=-15384 9500  <0.0001
Mean score (SD) 1.02 (2.26) 4.31 .75 0.00 (0.00)
Score=0 (%) 311 (76.4) 0 0.0) 311 (100.0)
Score > 1(%) 96 23.6) 96 (100.0) 0 0.0)

p-values below 0.05 are bolded and are considered significant findings.

APOE4 = apolipoprotein E, epsilon 4 allele; CDR = Clinical Dementia Rating Scale; CI = cognitive impairment; df=degrees of freedom;
FAQ = Functional Activities Questionnaire; MCI = mild cognitive impairment; MMSE = Mini-Mental State Exam; MoCA = Montreal Cognitive Assess-
ment; NPI = Neuropsychiatric Inventory; p = p-value; SD = standard deviation; t = t-statistic; x> = chi-square statistic.

*Tests were performed with Welch’s t-test for means, Pearson’s chi-squared test for independence of frequencies/counts, and the Cochran-
Armitage test for trend for CDR scores and related subscales.

(Fa3.4975.73 = 3.16, p <0.0001). FDR-adjusted post-hoc
analyses showed that the right mOFC and left rACC

Supplementary Table 6), performed to clarify whether
differences in ROI-wise cortical thickness between

were thinner in participants with apathy, whereas the
left MTC was thicker in participants with apathy. For
ROIs that showed uncorrected p < 0.05, Table 3 lists
results for post-hoc univariate ANOVAs, and Table 4
lists EMMs for cortical thicknesses by ROL

Additional analyses and their respective methods
and results are described in the Supplemental Digital
Content. This includes (1) results from post-hoc uni-
variate ANOVAs, EMMs, and descriptive statistics
for all ROIs considered in the main analysis (see
Supplementary Tables 3 to 5), provided for complete-
ness; (2) results from mixed-effects ANOVAs for all
ROlIs in the main analysis comparing the effect size of
apathy by MCI or AD dementia diagnosis (see

persons with and without apathy differ amongst per-
sons with MCI or AD dementia; (3) comparisons
across all CI participants from the original data (i.e.,
unmatched) for ROIs that showed unadjusted p0.05
(see Supplementary Table 7), performed to confirm
whether these ROI-wise differences could be general-
ized to unmatched participants in ADNI2, and (4)
comparisons between CI participants with apathy
matched to both CI participants without apathy and
CN participants for ROIs that showed unadjusted p <
0.05 (see Supplementary Tables 8 to 13), performed to
contextualize relative differences in these ROIs with
respect to healthy brains.
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TABLE 2. Demographics of Cognitively Impaired Participants from the Matched Data

Matched CI Matched CI
All Matched CI” With Apathy Without Apathy”
Statistic*  df P
N 218 69 149
Age (SD), years 75.95 6.06) 7599  (6.07) 75.93 6.07) t=0.282 18085  0.7779
Sex x*=0.000 1 1.0000
Female (%) 88.46 (40.6) 28 (40.6) 60.46 (40.6)
Male (%) 129.54 59.9 41 (59.9) 88.54 (59.9)
Education (SD), years 15.89 2.89) 1597 (.81 15.86 (2.94) t=0.312 18191 0.7553
APOE4 x> =1.490 2 0.4746
Nomn-carrier (%) 85.30 39.D 27 (39.D) 58.30 39.1)
Heterozygous carrier (%) 102.72 47.1) 35 (50.7) 67.72 45.49)
Homozygous carrier (%) 29.98 (13.8) 7 (10.D 22.98 (15.49)
MMSE (SD) 24.96 3.97) 2507 (3.86) 24.91 (4.09) t=1.087 180.84  0.2786
CDR
Sum of Functional Subscales (SD) 1.45 1.39 1.91 (1.56) 1.24 (1.25) ¥ =23.451 1 <0.0001
Personal Care (SD) 0.26 (0.50) 0.36 0.59 0.22 (0.449) x> =6.491 1 0.0108
Community Affairs (SD) 0.56 (0.49) 0.69 0.52) 0.50 (0.46) )(2 =16.975 1 <0.0001
Home & Hobbies (SD) 0.63 061 086  (0.65 0.52 ©0.57)  x*=26923 1 <0.0001
Sum of Cognitive Subscales (SD) 2.24 (1.30) 2.36 (1.18) 2.18 (1.36) X2 =3.715 1 0.0539
Judgement & Problem Solving (SD) 0.71 (0.46) 0.75 0.42) 0.69 (0.48) x> =2.369 1 0.1238
Memory (SD) 0.88 ©.47) 090  (0.43) 0.88 0.49)  x*=0.290 1 0.5899
Orientation (SD) 0.64 0.52) 0.71 0.52) 0.61 0.51) X2 =4.888 1 0.0270
Sum of Boxes (SD) 3.69 254 427 (@255 3.42 2.50) x*=16.888 1 <0.0001
MocCA (SD) 19.91 (5.30) 20.06  (5.06) 19.84 (5.43) t=0.541 174.27 0.5890
FAQ (SD) 10.22 (8.09) 1187 (83D 9.46 (7.90) t=3.399 179.92  0.0008
Diagnosis x> =0.000 1 1.0000
MCI (%) 98 (44.9) 31 (44.9) 66.94 (44.9)
Dementia (%) 120 (G5.D 38 (5.1 82.06 (55.1D)
NPI Apathy t=19.041 19461  <0.0001
Mean score (SD) 1.32 .47 4.16 2.73) 0.00 (0.00)
Score=0 (%) 149.00 (68.3) 0 ©0.0) 149.00 (100.0)
Score > 1 (%) 69.00 31.7) 69  (100.0) 0.00 (0.00)

p-values below 0.05 are bolded and are considered significant findings.

APOE4 = apolipoprotein E, epsilon 4 allele; CDR = Clinical Dementia Rating Scale; CEM = coarsened exact matching; CI = cognitive impairment;
CMH = Cochran-Mantel-Haenszel; df=degrees of freedom; FAQ =Functional Activities Questionnaire; MCI=mild cognitive impairment;
MMSE = Mini-Mental State Exam; MoCA = Montreal Cognitive Assessment; NPI = Neuropsychiatric Inventory; SD = standard deviation; p = p-value;
t = t-statistic; x* = chi-square statistic.

*Tests for stata-wise differences in means were performed with linear mixed-effects models adjusted by CEM weights, using CEM strata as a ran-
dom effect. This approach generalizes the dependent samples t-test for paired data to stratified data. Tests for strata-wise independence (i.e. condi-
tional independence) or trend (for CDR only) were performed with the generalized CMH test, using CEM weights as frequencies. The CMH
statistic for general association is reported for tests of independence, whereas the CMH statistic for differences in row mean scores is reported for
tests of trend where matched CI participants with or without apathy were represented as rows. This approach similarly generalizes McNemar’s
test for paired data to stratified data.

> Weighted means and counts were computed using CEM weights.

without apathy that share demographic and genetic
DISCUSSION characteristics, as well as levels of global cognitive
impairment (i.e. within-strata differences). Previous
studies have shown that measures of global cognitive
impairment such as MMSE are correlated with
whole-brain GM atrophy in AD.”” However, since
apathy is also associated with brain atrophy and
cognitive impairmen’c,43 cognitive impairment is an
important confounder when considering which brain
regions mediate apathy across varying severities of
neurodegenerative disease. Similar rationale applies

This study investigated the relative structural brain
differences between CI participants with and without
apathy from the ADNI2 database. We observed that
cortical GM was thinner in the right mOFC and left
rACC and thicker in the left MTC in CI participants
with apathy relative to CI participants without
apathy.

A strength of this study is the ability to detect
relative differences between participants with and

Am J Geriatr Psychiatry HNIl:HE, HE 2020 7
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FIGURE 1. Cortical Regions of Interest Associated with Apathy in Cognitively Impaired Participants. ROIs that reported uncorrected
p < 0.05 between participants with and without apathy on the fsaverage brain from FreeSurfer. Yellow- and cyan-coloured regions
indicate uncorrected p < 0.05. Red- and blue-coloured regions indicate significant differences (FDR-adjusted ¢ < 0.05). White regions
indicate no significant difference (uncorrected p > 0.05), and grey regions were not tested. Positive mean differences (red and yel-
low regions) indicate that the ROI was thicker while negative mean differences (blue and cyan regions) indicate that the ROI was
thinner in CI persons with apathy relative to matched CI persons without apathy. Estimated marginal means and mean differences
between participants with and without apathy are reported in Table 4, and ROI-wise descriptive statistics are reported in Supple-
mentary Table 5. (A) Left lateral perspective. (B) Superior perspective. (C) Right lateral perspective. (D) Left medial perspective. (E)
Inferior perspective. (F) Right medial perspective. CI = cognitive impairment; FDR = false discovery rate; ROI = region of interest.

-
{
N2
S

Mean Difference
Positive  Negative

Uncorrected p < 0.05 -

FDR-adjusted g < 0.05

No significant difference - -

Not tested

for the use of MCI or AD diagnosis as a match vari-
able and motivates its inclusion. Additionally, the
reported link between APOE4 carrier status, risk of
incident dementia, and apathy motivates the use of
APOF4 as a match variable.** Other match variables,
like age and sex, are also associated with differences
in GM and could also contribute to confounding.’!
Thus, the use of match strata as a pseudovariable for
match variables in this study, which was operational-
ized as random factors in the mixed-effects models,
should provide control for strata-wise differences that
might otherwise have been explained by underlying
group-wise differences within the match variables.
Matching was effective in reducing imbalance
between CI participants with and without apathy
even on variables which were not explicitly used as

match variables (e.g., years of education, the MoCA,
and CDR cognitive subscale scores with the exception
of the CDR orientation subscale). However, we note
that CI participants with apathy had worse functional
impairment, as indicated by clinical assessment scores
from the FAQ and CDR functional subscales. One
could assert that failing to account for these differen-
ces may have led to bias in the selection of matched
controls or could otherwise explain strata-wise differ-
ences in cortical thickness. Consequently, the effects
observed might be attributed to differences in func-
tional impairment rather than apathy. However, the
deficits in goal-directed behaviours and related phe-
nomena assessed by the NPI apathy questionnaire are
similarly examined in the CDR functional subscales
and the FAQ. As a result, measures of functional

Am J Geriatr Psychiatry NIl HE, HE 2020
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TABLE 3. Mixed-effects ANOVA for Grey Matter Thicknesses by Cortical Regions of Interest for the Main Analysis

Mean SS Numerator Denominator
Model Effect SS (Effect) (Effect) df dar? F P
Omnibus Apathy 0.52 052 1 185.29 0.78 0.3768
Mixed-effects ROIs 33.03 1.44 23 4,975.73 2.16 0.0011
ANOVA Apathy x ROIs 48.32 2.10 23 4,975.73 3.16 <0.0001
Post-boc ROI SS (Apathy) Numerator Denominator F P q R*
Mixed-effects df df*
Univariate R Medial Orbitofrontal 0.3640 1 176.91 11.66 0.0008  0.0190 0.0222
ANOVAs L Rostral Anterior Cingulate  0.3862 1 181.45 7.76 0.0059  0.0472 0.0171
L Medial Orbitofrontal 0.1976 1 184.80 6.04 0.0149 0.0717 0.0134
L Superior Temporal 0.1266 1 181.43 5.07 0.0255 0.0876 0.0097
L Supramarginal Area 0.0836 1 181.60 5.07 0.0255 0.0876 0.0097
R Supramarginal Area 0.1159 1 180.24 7.01 0.0088 0.0528 0.0129
L Middle Temporal 0.2235 1 179.98 8.31 0.0044  0.0472 0.0159

Models were fitted with the restricted maximum likelihood criteria, and results from Type III SS tests are reported for fixed-effects only (i.e. the
unique variance attributed to a given effect when all other effects and their interactions are considered). CEM match strata were entered as random
factors, serving as a pseudovariable for the match variables of age, sex, APOE4 carrier status, MMSE, and MCI or AD diagnosis. Participant IDs were
also entered as random factors in the omnibus model to adjust for within-subject variation across ROI thicknesses.

For the omnibus model, rows containing p-values below 0.05 are bolded and are considered significant findings.

For the post-hoc univariate models, rows are sorted by increasing t-values for differences in Estimated Marginal Means. (See Table 4) Rows
containing FDR-adjusted q-values below 0.05 are bolded and are considered significant findings. Rows containing uncorrected p-values below
0.05 are identified for completeness. See Supplementary Table 3 for the complete list of results for all ROIS tested.

AD = Alzheimer’s disease; ANOVA = analysis of variance; APOE4 = apolipoprotein E, epsilon 4 allele; CEM = coarsened exact matching;
df = degrees of freedom; F = F-statistic, MMSE = Mini-Mental State Examination; MCI = mild cognitive impairment; p = p-value; ROIs = regions of
interest; R? = partial coefficient of determination; SS = sum of squares.

* Satterthwaite’s method was used to estimate denominator degrees of freedom.

P Nakagawa and Schielzeth’s approach was used to estimate partial R for the effect of apathy.

9,11,49,

impairment would likely exhibit a high degree of col- laterality ([bilateral] ; [left only]*®) and by region
linearity with apathy as measured by NPI, and this (Imedial and lateral]'’; [medial only]"; [lateral

collinearity would not necessarily be reducible. Thus, only]”*). Our study confirms that thinning in the
that CI participants with apathy appeared to have right mOFC and left rACC is associated with apathy.
worse functional impairment is expected. Previous Effect size statistics suggest moderate-sized effects,
studies have also identified the association between though the magnitudes of the strata-wise mean differ-
apathy and functional impairment.**® With respect ences were small——about one-tenth of a millimeter,
to the CDR orientation subscale, a previous study or about 2% of the variation in cortical thicknesses.
also reported an association between apathy and Meanwhile, the direction of mean differences for the
MMSE items related to temporal orientation; the left mOFC, right rACC, and bilateral caudal anterior
authors suggest that disorientation could manifest cingulate cortex appear to be consistent with prior
due to apathy itself rather than reflect cognitive studies; however, these ROI-wise differences were
deficits.*” not significant, so we can neither confirm nor refute

Our study partially corroborates findings from pre- associations with apathy amongst these ROIs. Never-
vious structural MRI studies on apathy in patients theless, the lack of statistically significant differences
with AD. While atrophy in medial frontal areas is a amongst these ROIs in our study does not necessarily
common feature amongst studies investigating apa- imply a broader dearth of clinically and/or scientifi-
thy, the specific regions identified as having an associ- cally meaningful differences, especially given emerg-
ation with apathy often differ. Atrophy in the ACC is ing theories on the neuroanatomical structures that

frequently reported,”"'***~°" though findings vary may mediate goal-directed behaviour and apathy.

by laterality ([bilateral]”"'"'***"; [left only]*®) and by With specific regard to the left mOFC, since measures

region ([caudal and rostral]'"**”’;  [caudal of effect size do not depend on sample size, and since
only]”'**"). Findings in the orbitofrontal cortex are the effect size statistic for the significant left rACC
similarly common,”'""***” again with differences by (d= —0.3754) was nearly identical to the non-
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TABLE 4. Estimated Marginal Means for Cortical Thicknesses by Regions of Interest

Estimated Marginal Mean (SE), mm

df
176.91

Matched CI Without Apathy Mean Difference (SE), mm

Matched CI With Apatby

2.26
2.62

ROI

—0.4456
—0.3574
—0.3570

0.2493
0.2603
0.3233
0.3311

0.0008
0.0059
0.0149
0.0255
0.0255
0.0088
0.0044

—3.4152
—2.7863
—2.4570
2.2516
2.2517
2.6483
2.8826

(0.0257)
(0.0325)
0.0263)
(0.0230)
0.0187)
0.0187)
(0.0239)

—0.0879
—0.0905
—0.0647
0.0518
0.0421
0.0496
0.0688

(0.027)
(0.026)
(0.021)

2.35
2.71
2.29
2.46
2.27
2.26
2.53

(0.031)

R Medial Orbitofrontal

181.45

(0.033)
0.026)
0.028)

L Rostral Anterior Cingulate

L Medial Orbitofrontal
L Superior Temporal
L Supramarginal Area
R Supramarginal Area
L Middle Temporal

184.80

23
2,51

181.43

0.024)

181.60
180.24

(0.020)

(0.023)

2.31
231

0.021D)

0.024)

179.98

(0.025)

(0.029)

2.60

Rows are sorted by increasing t-values for differences in estimated marginal means. Only ROIs that reported uncorrected p-values below 0.05 in their respective post-hoc univariate

ANOVA are reported. (See Table 3) Bolded rows reported FDR-adjusted q-values below 0.05 in their respective ANOVA and are considered significant findings. See

Supplementary Table 4 for the complete list of results for all ROIS tested.

p-value; ROI = region of interest; SE = standard error of the mean;

degrees of freedom; FDR = false discovery rate; p =

analysis of variance; d = standardized mean difference; df

SS = sum of squares; t

ANOVA

t-statistic.

significant left mOFC (d = — 0.3750), our study may
have been underpowered to detect a significant dif-
ference in this ROL

Both the ACC and ventromedial prefrontal cortex
have frequently been implicated in the manifestation of
apathy in AD in other neuroimaging modalities™ ©~ °'
as well as across neurocognitive and neurodegenera-
tive disorders.”” Two recent studies also performed
positron emission tomography (PET) imaging of amy-
loid-g and tau, proteins putatively involved in the neu-
ropathology of AD, amongst AD patients with
apathy.”®”” Regional tau burden in the bilateral orbito-
frontal cortex’” and right ACC*® was associated with
apathy, while regional amyloid-g burden was not asso-
ciated with apathy.”” Discrepant findings could be
attributed to the use of different covariates or tau radio-
tracers; nonetheless, our study partially corroborates
these PET findings and supports the notion that neuro-
pathological differences may underlie apathy in AD.
Separately, it was proposed that deficits within a
medial frontostriatal network responsible for goal-
directed behaviour may manifest as apathy.” Thus,
atrophy of the ventromedial prefrontal cortex may be
associated with impairments in the ability to assess the
subjective value of a given action, while atrophy in the
rACC may be associated with impairments in appro-
priately activating the motor system towards value-
directed behaviours.”

Our results also suggest that CI participants with
apathy have a sparing of atrophy in the left MTC rela-
tive to CI participants without apathy. This sparing is
similar to an earlier finding of increased regional cere-
bral blood flow in the left medial superior temporal
gyrus and middle medial temporal gyrus in patients
with apathy relative to patients without apathy, even
when adjusting for differences in MMSE.” Moreover,
a recent study observed that apathy was associated
with hypoperfusion in the left inferior and middle
temporal gyri.”* However, this study did not control
for differences in dementia diagnoses or cognitive
impairment.”* Other studies have found apathy to be
associated with hypoperfusion of the right temporo-
parietal’” and anterior temporal”® areas.

Additional subanalyses in the Supplemental Digi-
tal Content shed further light toward the specific
brain regions associated with apathy in cognitively
impaired persons. When mixed-effects ANOVAs in
the main analysis were recomputed with additional
fixed-effects for MCI or AD diagnosis and the apathy
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x diagnosis interaction, significant ROI-wise differen-
ces identified in the main analysis (right mOFC, left
rACC, and left MTC) remained significant across
diagnostic groups (see Supplementary Table 6). Stan-
dardized mean differences associated with apathy
also shared the same sign and were about the same
magnitude compared to those reported in the main
analysis. Moreover, no significant apathy x diagnosis
interaction was detected for these ROlIs, indicating
that the effect of apathy in MCI participants was not
significantly different from the effect of apathy in AD
dementia participants. Further subanalyses involving
ClI participants with apathy matched to CI and CN
participants without apathy showed that thinner cor-
tical thicknesses in the right mOFC and left rACC
were specific to Cl participants with apathy (see
Supplementary Table 13). For the left MTC, only CI
participants without apathy showed thinner cortical
thicknesses relative to CN participants (see
Supplementary Table 13).

While significant ROI-wise differences in the main
analysis were not significant when tested in a suba-
nalysis using the original (nonmatched) data and a
fixed-effects analysis of covariance model (see
Supplementary Table 7), the sign of mean differences
associated with apathy was the same as those
reported in the main analysis. Nevertheless, we cau-
tion against interpreting the lack of significant results
as discrepant with the main analysis, since the
assumption of mutual independence of the fixed
effects was not met (the match variables exhibit multi-
collinearity) and the interaction effects between match
variables was ignored. These limitations are implicitly
addressed via our use of matching and random effects
in the main analysis. Thus, compared to the main
analysis, results from the fixed-effects model in Sup-
plementary Table 7 have limited construct validity
and reduced statistical power. Taken together, these
findings provide strong, confirmatory evidence of a
specific but moderate association that links thinning
in right mOFC and left rACC with apathy. They also
affirm that apathy is associated with sparing of atro-
phy in the left MTC.

Apathy has also been associated with thinning of
the inferior temporal cortex in two studies,'® %7
including one that also used data from ADNI."
Although we were not able to replicate this associa-
tion, we note several methodological differences.
First, Donovan et al."”> examined cortical thickness at
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baseline as related to worsening apathy over time,
whereas we examined cortical thickness in a cross-
sectional analysis at the time of neuropsychiatric
assessment. Second, both studies examined averaged
bilateral cortical thicknesses, whereas we examined
left and right ROIs independently. Given that our
study shows differences between left and right ROIs
associated with apathy, the use of averaged measures
could have obscured underlying relationships in
these earlier studies. Third, both studies used step-
wise backward elimination regression models to
select covariates from a larger set of candidate varia-
bles, while we used a mixed model approach to incor-
porate match variables that were identified as
potential confounders as a random effect through
CEM strata. Differences in methods for statistical con-
trol could explain the discrepant findings. We note
that, despite its convenience and popularity, the use
of stepwise regression has long been criticized in sta-
tistical literature as an inappropriate statistical
procedure.”

Another ADNI study found that apathy was asso-
ciated with GM atrophy in bilateral lateral temporal
areas.'* Although Hu et al. did not report this associa-
tion after adjusting for MMSE, our finding of cortical
thinning in the left STC of both CI participants with
apathy and without apathy relative to age-, sex-, and
APOE4 carrier status-matched CN controls (see
Supplementary Table 13) partially corroborates this
finding. Given that both CI groups showed cortical
thinning in the left STC, these findings suggest that
the sparing of atrophy in the left MTC may not neces-
sarily extend to the left STC.

Nonetheless, several studies have reported nega-
tive findings with respect to cortical GM differences
in apathy.”” > However, the lack of findings could
be attributed to several factors, such as examining
advanced-stage AD patients, who may exhibit severe
GM atrophy;” examining patients with prodromal
AD, who may not yet have detectable regional GM
atrophy;””®' or investigating differences by lobe
rather than by region or voxel.®”

There are several limitations associated with our
current investigation. First, while the NPI is recog-
nized as a gold-standard assessment for neuropsychi-
atric symptoms in dementia, it cannot differentiate
between subdomains of apathy.” Thus, we cannot
make direct inferences about how the brain regions
we have identified might mediate the subdomains of
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apathy. In light of growing research interest in apathy
and its dimensions, we recommend that multi-site
clinical trials administer more sophisticated measures
of apathy to facilitate research in this area, such as the
Dimensional Apathy Scale® or the Apathy Inven-
tory.** Second, although apathy and depression are
both associated with an increased risk of dementia,
our study only examines effects associated with apa-
thy. Consequently, any associations with apathy
identified in this study are not necessarily indepen-
dent of depression. However, at the time of screening,
ADNI2 excluded participants with any history of
major depression within the last year, as well as any
participants that reported GDS scores equal to or
greater than six, which would reduce the magnitude
and likelihood of finding effects attributable to
depression. Also, previous neuroimaging studies sup-
port the notion that apathy and depression may have
distinct anatomical and functional correlates in AD.”

Finally, our study examined a cross-sectional sam-
ple of cognitively impaired participants from ADNI, so
it is unclear whether the observed thinning of the right
mOEFC and left rACC reflects a discrete neurodegenera-
tive process that happens to develop concurrently with
AD. Longitudinal studies that control for differences in
Braak staging'’ and could clarify whether ROI-wise
neurodegeneration associated with apathy progresses
independently from typical AD neuropathology.
Moreover, recent literature has highlighted that dimen-
sions of apathy may be mediated by distinct brain
regions.” Future investigations should aim to character-
ize associations between the cognitive-behavioural,
emotional, and social interaction dimensions of apa-
thy,”” which may help to identify and guide treatment
strategies for apathy in future.

CONCLUSIONS

We investigated the structural neurocorrelates
associated with apathy in older adults with cognitive

impairment. Using a case-control approach, we
matched CI participants from ADNI2 with and with-
out apathy on age, sex, APOE4 carrier status, MMSE
score, and MCI or AD diagnosis. We found that apa-
thy was uniquely associated with thinner right mOFC
and left rACC. Compared to participants without
apathy, participants with apathy also had thicker left
MTC. However, our supplementary analyses, which
matched participants by age, sex, and APOE4
carrier status only, showed that the left MTC was
thinner in both groups compared to CN participants.
Further research is warranted to investigate the struc-
tural neurocorrelates associated with subdomains of
apathy.
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