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Introduction

Abstract

Objective: Apathy is a common nonmotor symptom in Parkinson’s disease
(PD) affecting 40% of patients. The aim of the study was to investigate brain
changes and correlates of frontal, striatal, and limbic pathways related to sub-
clinical symptoms of apathy in PD patients. Methods: Thirty-two PD patients
divided into low-subclinical symptoms of apathy (LSA) (n = 18) and high-sub-
clinical symptoms of apathy (HSA) (n = 14) and 25 healthy controls (HC)
underwent a T1-weighted, diffusion-weighted, and resting-state functional MRI.
Apathy was evaluated with the Lille Apathy Rating Scale. Voxel-based mor-
phometry, tract-based spatial statistics, and resting-state functional connectivity
(FC) analyses were performed with a region-of-interest approach. Results:
HSA-PD showed increased white matter axial and mean diffusivity compared
with HC and increased white matter axial diffusivity compared with LSA-PD.
HSA-PD showed decreased fronto-striatal and fronto-limbic FC compared with
HC and decreased fronto-striatal FC compared with LSA-PD. LSA-PD showed
decreased fronto-limbic but increased fronto-striatal FC (hyperconnectivity)
compared with HC. No significant differences in grey matter were found.
Fronto-striatal FC and white matter axial and mean diffusivity were associated
with symptoms of apathy in HSA-PD. The fronto-striatal hyperconnectivity was
associated with lower symptoms of apathy in LSA-PD. Interpretation: Findings
suggest distinct brain alterations in PD groups with subclinical symptoms of
apathy. The increased pattern of activation in LSA-PD, accompanied with lower
apathetic symptomatology, might be the initial manifestation of compensatory
mechanisms for dysfunctional limbic pathway. The same pattern of hypercon-
nectivity has been found in other pathologies and the implication of these
abnormalities as a cross-disease model for initial apathy symptomatology is fur-
ther discussed.

substrates of apathy remain poorly characterized, dopa-
mine deficits affecting fronto-striatal and limbic regions

Apathy is one of the most common and disabling non-
motor symptoms in Parkinson’s disease (PD) that mani-
fests simultaneously in goal-directed behavior, cognitive,
and affective features." Recent meta-analyses have shown
that the prevalence of apathy is close to 40% in PD.>’
Apathy has been associated with poor cognitive perfor-
mance and dementia.*”’ Although the neurochemical

have been suggested to play an important role in the
pathophysiological bases of apathy in PD.® Previous stud-
ies highlighted frontal, limbic, and striatal involvement of
apathy in PD. However, no studies have investigated the
first symptoms of apathy in PD patients when the diagno-
sis of apathy has not yet been established. PD has a long
pre-symptomatic evolution during which compensatory
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mechanisms occur to delay the clinical onset of disabling
nonmotor symptoms such as cognitive dysfunction or
mood disorders.” Nevertheless, data from early PD
patients with first symptoms of apathy are difficult to
obtain as most studies have been performed once the
diagnosis and treatments have been established.

Studies using T1-weighted magnetic resonance imaging
(MRI) showed grey matter atrophy in the temporal, frontal,
and parietal lobes, insula, and nucleus accumbens.'® 2 The
only study of diffusion weighted imaging did not report
any difference in white matter integrity between PD with or
without apathy and healthy controls (HC)."" Finally,
regarding resting-state functional MRI, studies showed
decreased functional connectivity (FC) in fronto-striatal
regions in apathetic PD patients compared to nonapathetic
PD and HC."»' Only a limited number of neuroimaging
studies have investigated apathy in PD. The majority of
studies only included one single imaging modality, making
it difficult to investigate structural and functional MRI
changes related to apathy in PD.*"” Finally, no studies have
evaluated the brain differences between low and high symp-
toms of apathy in PD patients with MRI. Only one study
took into account the apathy level, they investigated the
performance of individuals with PD, with or without clini-
cally significant levels of apathy, on a spatial search task
(money reward vs valueless token) during PET. In the
high-apathy group reduced activity was found in left amyg-
dala, left striatum, bilateral ventromedial prefrontal cortex,
and midbrain relative to the low-apathy group.'®

Therefore, the objective of the study was to investigate
brain changes and correlates of frontal, striatal and limbic
pathways related to subclinical symptoms of apathy
through three different neuroimaging modalities (grey
matter, white matter, and resting-state FC) in nonapa-
thetic PD patients. We thought that this type of studies
could help to elucidate whether there are compensatory
mechanisms underlying apathy symptoms in PD patients.
Moreover, they could help to investigate biomarkers in
patients with PD and finally, how the results could be
extrapolated so that both groups (with high and low apa-
thy) can benefit from more specific treatments. Based on
the previous findings that found frontal and striatal defi-
cits in apathetic PD patients,'>'* we hypothesized that
PD patients with high symptoms of apathy would also
show fronto-striatal deficits compared with PD patients
with low symptoms of apathy and HC.

Materials and Methods

Participants

The sample included 32 nonapathetic and nondemented
PD patients recruited from the Department of Neurology
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at the Galdakao Hospital and from the PD Biscay Associa-
tion (ASPARBI) and 25 HC matched by age, sex, and years
of education. PD patients were recruited for the study if
they fulfilled the UK PD Society Brain Bank diagnostic cri-
teria checked by a neurologist specialized in movement
disorders. Other inclusion criteria were as follow: (1) age
between 45 and 75; (2) Hoehn and Yahr disease stage < 3;
(3) Unified PD Rating Scale (UPDRS) evaluated and
scored by the neurologist. The exclusion criteria were as
follow: (1) the presence of dementia as defined by the
DSM-IV-R and the Movement Disorders Society clinical
criteria for PD-dementia; (2) scores on the Mini Mental
State Examination (MMSE) < 26; (3) the presence of other
neurological illness/injury (e.g., traumatic brain injury);
(4) unstable psychiatric disorders (e.g., schizophrenia); (5)
presence of visual hallucinations evaluated with Neuropsy-
chiatric Inventory Questionnaire (NPI); (6) Anxiety or
fatigue symptomatology evaluated with the NPI; and (7)
diagnosis of depression or a score > 5 on Geriatric Depres-
sion Scale (GDS-15).!7 GDS-15 is a suitable instrument
with high internal consistency'® and it has been validated
to the Spanish language.'® From the initial sample of 44
PD patients, one PD patient was excluded due to MMSE
scores, three patients refused to attend MRI acquisition
and eight patients were excluded from the MRI analysis
(n = 1 visual difficulties, n = 2 artifacts, n = 1 dilated ven-
tricles, n = 1 traumatic brain injury, n = 1 cerebral hem-
orrhage, n =1 metal shavings and n =1 morphine
treatment). Hence, MRI analyses were carried out on 32
PD patients. One patient was taking no medication and 31
were on anti-Parkinsonian treatment. Their Levodopa
equivalent daily dose (LEDD) was registered.”® The clinical
and sociodemographic characteristics of the sample are
shown in Table 1. Differences were investigated between
excluded (n =8) and included (n =32) PD patients
(Mann—Whitney U), and no significant differences were
found in MMSE, GDS-15, years of education, age, UDRS
111, disease duration or LEDD.

Ethics statement

The study protocol was approved by the Ethics Commit-
tee at the Health Department of the Basque Mental
Health System in Spain and the Ethics Committee of the
University of Deusto. All subjects were volunteers and
provided written informed consent prior to their partici-
pation in the study, in accordance with the Declaration of
Helsinki of 1975.

Assessment of apathy

The Lille Apathy Rating Scale (LARS),?! which is valid for
PD patients and allows to assess apathy independently of
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Table 1. Sociodemographic and clinical variables of the sample.

Apathy and Brain in Parkinson’s Disease

HSA-PD (n = 14) LSA-PD (n = 18) HC (n = 25)

Mean (SE) (95% Cl) Mean (SE) (95% Cl) Mean (SE) (95% Cl) Statistic P

Age (years) 69.64 (1.92) 66.28 (1.32) 68.64 (1.52) F=1.07 0.351
(65.28 to 73) (63.63 to 68.87) (65.43 to 71.41)

Gender (male) 9 (64.3%) 9 (50%) 15 (60%) xz =0.740 0.691

Education (years) 12.46 (1.20) 10.94 (1.10) 11.16 (0.91) H=1.63 0.443
(10.17 to 14.88) (8.85 10 12.18) (9.42 t0 12.84)

MMSE 27.92 (0.26) 28.17 (.31) 28.80 (0.26) F=199 0.146
(27.47 t0 28.42) (27.56 to 28.77) (28.23 to0 29.26)

GDS-15 2.50 (0.65) 2.00 (0.54) 1.22 (0.23) H=253 0.282
(1.30 to 3.77) (1.09 to 3.17) (0.80 t0 1.72)

LARS —21.79 (1.53) —29.50 (0.39) —28.68 (1.12) H = 24.67 <0.001%®

(—24.43 to —18.34) (—30.29 to —28.72) (—30.55 to —26.08)

MClI 9 (64.3%) 10 (55.55%) - ZZ =0.249 0.725

UPDRS | 1.85 (0.34) 1.39 (0.23) - U =87.00 0.212
(1.15 to 2.50) (0.95 to 1.88)

UPDRS Il - motor 24.92 (2.96) 17.61 (2.00) - U = 68.50 0.052
(19.73 t0 31.28) (14.27 to 22.05)

Disease duration (years) 6.32 (1.44) 6.08 (1.10) - U =125.00 0.969
(3.68 t0 9.37) (4.15 to 8.44)

LEDD 702.44 (123.33) 807.36 (135.37) - t=—0.560 0.580
(470.20 to 957.09) (584.85 to 1104.25)

Hoehn & Yahr 72 = 0.093 0.993

1 2 3
1.5 1 1
2 10 13
2.5 0 0
3 1 1

a

= significant differences between HSA-PD and LSA-PD; ® = significant differences between HSA-PD and HC.

HSA-PD, High-subclinical symptoms of apathy Parkinson’s disease group; LSA-PD, Low-subclinical symptoms of apathy Parkinson’s disease group;
HC, Healthy controls; SE, Standard error; Cl, Confidence interval; F, ANOVA analysis; H, Kruskal-Wallis analysis; 2, Chi squared analysis; T, T-test
analysis; MMSE, Mini-Mental State Examination; GDS-15, Geriatric Depression Scale (15 items); LARS, Lille Apathy Rating Scale; MCl, Mild Cogni-
tive Impairment; UPDRS, Unified Parkinson Disease Rating Scale; LEDD, Levodopa Equivalent Daily Dose.

depression,” consists of 33 items, including nine sub-
scales. The subscales included reduction in everyday pro-
ductivity, lack of interest, lack of initiative, extinction of
novelty seeking and motivation, blunting of emotional
responses, lack of concern, poor social life, and extinction
of self-awareness. These subscales were summed into a
total apathy score with a possible range of —36 to 36,
being LARS scores closer to —36 indicative of normality
and scores closer to 36 indicative of apathy. The visual
binning analysis with SPSS software* created two distinct
categorical variables based on the LARS standard score
distribution. PD patients were stratified into equal quar-
tiles on the basis of LARS with cut off points of £2 stan-
dard deviations. Two groups of nonapathetic PD patients
were formed, high-subclinical symptoms of apathy group
(HSA-PD) ranging from —26 to —16 (n = 14) and low-
subclinical symptoms of apathy group (LSA-PD) ranging
from —36 to —27 (n = 18). These two groups represent
nonapathetic PD patients with the LARS scale, but with
symptomatology of apathy (subclinical symptoms).

For apathy correlates, subscales were performed in four
factors according to the validation of a Spanish version of
the LARS for PD.”> The sign of the measures were
adjusted so that higher scores indicated less apathy symp-
toms. Factor 1, “Intellectual Curiosity”, included the sub-
scales everyday productivity, lack of interest, and lack of
initiative; factor 2, “Emotion”, grouped subscales extinc-
tion of novelty seeking and motivation, and poor social
life; factor 3, “Action Initiation”, was composed by sub-
scale lack of concern; and factor 4, “Self-awareness”,
included subscales blunting of emotional responses, and
extinction of self-awareness.

Mild cognitive impairment (MCI) assessment

Classification for PD-MCI followed Level II of Movement
Disorders Society Task Force criteria corresponding to a
comprehensive assessment.>* PD patients that did not ful-
fill these specific criteria were classified as PD with nor-
mal cognition (PD-NC). The details of the PD-MCI

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 805

5UBD 1T SUOWILLIOD aAIEa.D a|ceal|dde ay Aq pausenob afe Sajo1e YO ‘asn Jo sajni Joj AkeiqiautiuQ A3]IM UO (SUOIIIPUOD-PUR-SWLB)W0D A3 [IM A Reiq 1)U 1UO//SANY) SUORIPUOD pUe SWB | 83U} 888 *[9202/c0/r0] U0 ARiqiT auljuo 43| ‘(Pepiues ap OLBISIUIN) UOSIAOL] [RUOIEN SUeIyd0D Usiteds Ag 8/G €ude/z00T OT/I0p/wod A 1m ARld1puljuo//sdny wolj papeojumod . ‘8TOZ ‘0568252



Apathy and Brain in Parkinson’s Disease

classification have been extensively described in a previous
study.”> According to this criteria, we have investigated
the MCI in our sample. In the HSA-PD group 5 PD-NC
patients and 9 PD-MCI patients were found. In LSA-PD
group, 8 PD-NC patients and 10 PD-MCI patients were
found. No significant differences in the number of
patients with MCI between groups were found
(4> = 0.249, P =0.725; see Table 1). These data were
introduced as a covariate in the neuropsychological and
neuroimaging analyses to control for the influence of cog-
nitive impairment.

Neuroimaging data acquisition and pre-
processing

Neuroimaging data acquisition

Neuroimaging data were acquired on a 3-Tesla MRI
(Philips-Achieva) at OSATEK, Hospital of Galdakao. A
T1-weighted scan was acquired in sagittal orientation
(TR = 7.5 msec, TE = 3.5 msec, matrix size = 228 x
218 mm; flip angle = 9°, FOV = 250 x 250 mm, slice
thickness = 1.1 mm, gap = —0.6 mm, 300 slices, acquisi-
tion time = 4 min 55 sec, voxel size = 1.10 x
1.15 x 1.20 mm). An accelerating factor was used for
the T1 acquisition. Diffusion-weighted images were
obtained, in an axial orientation in an anterior—posterior
phase direction, using a single-shot EPI sequence
(TR = 7540 msec, TE = 76 msec, matrix size = 120 x
117 mm; flip angle = 90°, FOV = 240 x 240 mm, slice
thickness = 2 mm, no gap, 66 slices, acquisition
time =9 min 31 sec, voxel size =2.00 x 2.05 X
2.00 mm) with two identical repetitions (32 uniformly
distributed  directions  [b = 1000 sec/mm?] and 1
b = 0 sec/mm?). In all cases first sequence was used. The
resting-state functional MRI was acquired in an axial ori-
entation in an anterior-posterior phase direction, using a
sequence sensitive to blood oxygen level-dependent
(BOLD) contrast and a multislice gradient echo EPI
sequence (TR = 2100 msec, TE = 16 msec, matrix
size = 80 x 78 mm, flip angle =80°, FOV =240 x
240 mm, slice thickness = 3 mm, slice gap = 0.25 mm,
40 slices, 214 volumes, acquisition time = 7 min 40 sec,
voxel size = 3.00 x 3.07 x 3.00 mm).

Neuroimaging data pre-processing and definitions of
regions of interest (ROI; See Fig. 1) are described in Sup-
plementary Material S1.

Neuroimaging data analysis
Grey and white matter

Grey matter and white matter differences between groups
were analyzed with a randomized tool (5000

O. Lucas-Jiménez et al.

permutations) and with threshold-free cluster enhance-
ment (TFCE) and with cluster-based in FSL with ROI-to-
ROI methodology. Total Intracranial Volume (TIV),
UPDRS-III (motor) and MCI were introduced as covari-
ates in between-group analysis. Statistical threshold for
analysis was set at P < 0.05 corrected for multiple com-
parisons using family wise error (FWE) and exploratory
analyses using P < 0.001 (uncorrected, K > 30 voxels)
were also explored.

Resting-state FC

FC differences were assessed with ROI-to-ROI methodol-
ogy with CONN Functional Connectivity Toolbox 15.h.
TIV, UPDRS-III, MCI and LEDD data were used as
covariates because apathy in PD is at least partly dopa-
mine-dependent syndrome.”**” Statistical threshold was
set at P < 0.05 corrected for multiple comparisons using
false discovery rate (FDR) and exploratory analyses using
P <0.001 (uncorrected, K > 30 voxels) were also
explored.

Statistical analysis

Normality of data was tested using the Shapiro-Wilk test.
Categorical data were analyzed with the Chi-squared (y2)
test. Significant differences in variables were compared
using the Analysis of Variance (ANOVA) test or Kruskal—
Wallis test for three-group comparisons and two-tailed
t-tests or U-Mann—Whitney test for two-group compar-
isons. Significant results’ average of each participant was
extracted for correlational analyses. To obtain adjusted
mean differences we used bootstrapping. Effect size was
calculated with Cohen’s d. To study brain correlates of
apathy, Spearman Rho correlations between significant
neuroimaging results (structural and resting-state func-
tional MRI) and four factors of apathy were performed in
HSA-PD and LSA-PD and HC. Additionally, further post
hoc analyses were also carried out to examine the rela-
tionship between structural and resting-state functional
MRI in HSA-PD and LSA-PD patients and HC using the
Spearman Rho correlation test. For the correlations, out-
liers were excluded and the scores were initially adjusted
for TIV, UPDRS-III, LEDD, and MCI by means of linear
regressions and the resulting nonstandard residuals were
utilized in the correlations.

Results

Sociodemographic variables

No significant differences were found between LSA-PD,
HSA-PD, and HC in sociodemographic variables or
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Figure 1. ROl masks for MRI analyses. (A) Frontal pole is shown in yellow, superior frontal gyrus in red, middle frontal gyrus in green, inferior
frontal gyrus pars opercularis in blue-light, and inferior frontal gyrus pars triangularis in orange. (B) Frontal orbital cortex in orange, cingulate
gyrus-anterior division in blue-light, juxtapositional lobule cortex/supplementary motor area in green, frontal medial cortex in red, precentral gyrus
in yellow. (C) Amygdala in orange-yellow, caudate in white and pink, putamen in green, the nucleus accumbens in blue-light, pallidum in red. (D)
Anterior thalamic radiation in purple, internal capsule in blue, uncinated fasciculus in green, superior longitudinal fasciculus in yellow, body of
corpus callosum in red, cingulum in blue-light (left-side).
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cognitive scores such as MMSE, UPDRS I or MCI crite-
ria. A tendency in UPDRS-III (motor) was found
(P = 0.052) between LSA-PD and HSA-PD (see Table 1).
Because of that, subsequent neuroimaging analyses were
also performed with UPDRS-III (motor) as covariate.

Neuroimaging group-wise comparisons
Grey and white matter

No significant differences were found in grey matter anal-
yses between groups.

HSA-PD showed increased axial diffusivity in one sig-
nificant cluster located in the body of corpus callosum
(uncorrected P < 0.001) compared with HC (See Table 2
and Fig. 2). Furthermore, the HSA-PD group showed
increased mean diffusivity in five significant clusters
located in left anterior thalamic radiation, left uncinate
fasciculus, left cingulum and left superior longitudinal fas-
ciculus (uncorrected P < 0.001) compared with HC (See
Table 2 and Fig. 2). HSA-PD showed increased axial dif-
fusivity in a significant cluster located in the right body
of corpus callosum (FWE-corrected P < 0.05) compared
with LSA-PD group (See Table 2 and Fig. 2). No signifi-
cant differences were found between LSA-PD and HC.

Resting-state FC

HSA-PD showed significantly reduced fronto-striatal and
fronto-limbic FC compared with HC (See Table 3 and
Fig. 3A). HSA-PD showed significantly lower fronto-stria-
tal FC compared with LSA-PD group (See Table 3 and
Fig. 3B). In addition, LSA-PD showed significantly
reduced fronto-limbic FC but increased fronto-striatal FC
(hyperconnectivity) compared with HC (See Table 3 and
Fig. 3C). Post hoc analysis assessing structural MRI and
resting-state functional MRI relationship are shown in
Supplementary Material S1 (See Fig. S1.1).

Brain correlates of apathy

In HSA-PD, the altered fronto-striatal FC between left
inferior frontal gyrus and left pallidum correlated with
the “Emotion” factor (p = 0.703, P = 0.007) and between
the left orbitofrontal cortex and right putamen with the
“Intellectual Curiosity” factor (p = 0.698, P = 0.008) (See
Fig. S1.2). Moreover, the increased white matter mean
diffusivity and axial diffusivity correlated with the “Action
Initiation” factor (p = —0.720, P = 0.008; p = —0.664,
P =0.018) (See Fig. S1.2). In LSA-PD, the hyperconnec-
tivity between the left inferior frontal gyrus and right cau-
date correlated significantly with the “Emotion” factor
(p =0.522, P =0.032) (See Fig. S1.2). No significant

O. Lucas-Jiménez et al.

correlations were found in HC. Additionally, significant
correlation between UPDRS III and hyperconnectivity in
LSA-PD patients was found (p = —0.564, P = 0.018),
indicating that the lower the motor symptoms, the higher
the hyperconnectivity (See Fig. S1.2).

Discussion

This is the first study assessing the association between
subclinical symptoms of apathy and brain changes. This
study used a multimodal neuroimaging approach to
explore apathy symptoms in PD by combining TI-
weighted MRI, diffusion-weighted MRI and resting-state
functional MRI. The results revealed that distinct struc-
tural and functional brain alterations are present in HSA-
PD and LSA-PD patients and those apathy symptoms
were associated with these alterations. These changes were
observed using TIV, UPDRS-III (motor), LEDD and MCI
data as covariates.

Although there are some studies which have demon-
strated structural grey matter brain changes in apathetic
PD patients, we have not found significant reduced brain
grey matter volume between groups. These results could
reveal that grey matter atrophy is not yet present because
the diagnosis of apathy in our sample has not been estab-
lished in HSA-PD and LSA-PD patients with LARS. There
are few studies assessing apathy in PD using T1-weighted
imaging and some of them reported reduced grey matter
in temporal, frontal, parietal, insula,'®'? and accumbens!!
in apathetic PD patients, although these results were not
reported in another study.'* Although grey matter signifi-
cant results at corrected level were not found, the regions
altered in white matter and FC results are in line with the
areas that have been found altered in previous grey mat-
ter studies.

A few studies used diffusion-weighted MRI to exam-
ine the neural substrates of apathy in PD patients inves-
tigating fractional anisotropy values'*® and different
results were found. In one study, no significant differ-
ences were found in this index while in the other very
recent study, significant fractional anisotropy differences
in the corpus callosum between apathetic and nonapa-
thetic PD patients were found, and those differences cor-
related with LARS scores.”® In our study, we assessed
white matter changes in fractional anisotropy, axial dif-
fusivity, mean diffusivity, and radial diffusivity indexes.
As a previous study, we did not find significant differ-
ences in fractional anisotropy at corrected level. How-
ever, HSA-PD patients revealed significant increased
axial diffusivity in the corpus callosum compared with
LSA-PD and HC. Moreover, an increased mean diffusiv-
ity was found in the left cingulum, left uncinated fasci-
culus, left anterior thalamic radiation and left superior
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Table 2. Group-wise comparisons in white matter indexes.

MNI coordinate

Effect size
Index Cluster Size (voxels) X y z t-value P-value (Cohen’s d)
HSA-PD > HC
AD
Body of corpus callosum 526 -16 -15 35 2.79 <0.001 0.93
MD
Left superior longitudinal fasciculus 522 -23 -1 45 1.81 <0.001 0.60
Left anterior thalamic radiation 276 -19 —-17 51 1.54 <0.001 0.51
Right uncinate fasciculus 202 43 17 -18 1.03 <0.001 0.34
Left cingulum 197 -7 -36 32 3.14 <0.001 1.04
Left cingulum 72 -7 23 24 1.92 <0.001 0.64
HSA-PD > LSA-PD
AD
Body of corpus callosum 5267 5 13 22 4.40 0.014* 1.56

Cluster size denotes the extent of the cluster of significant voxels. MNI (Montreal Neurological Institute) coordinates refer to the location of the
most statistically significant voxel in the cluster. HSA-PD, High-subclinical symptoms of apathy Parkinson’s disease group; LSA-PD, Low-subclinical
symptoms of apathy Parkinson’s disease group; HC, Healthy controls; AD, Axial diffusivity; MD, Mean diffusivity. * FWE-corrected

HSA-PD > HC HSA-PD > LSA-PD

Axial diffusivity
Left hemisphere x=-17y=-15z=35

Axial diffusivity
Left hemisphere x=5z=13y=22

Mean diffusivity
Left hemisphere x=-23y=-11z=45

tscore

Figure 2. Group differences in white matter indexes. Significant white matter regions are shown in red-yellow; the white matter skeleton is
shown in green. Results are shown at P < 0.05 FWE-corrected and P < 0.001 uncorrected. Coordinates are shown in MNI space (Montreal
Neurological Institute). Significant voxels are thickened for easier visualization. Abbreviations: HSA-PD = High-subclinical symptoms of apathy
Parkinson's disease group; LSA-PD = Low-subclinical symptoms of apathy Parkinson’s disease group; HC = Healthy controls; S = Superior; | =
Inferior; A = Anterior; P = Posterior; L = Left; R = Right.

longitudinal fasciculus in HSA-PD compared with HC.
Axial diffusivity alterations may contribute to increased
mean diffusivity that could refer to loss of tissue density.
A very recent study” investigated white matter changes

in PD patients without cognitive impairment and they
also found higher mean and axial diffusivity in similar
areas. Moreover, in the same study, PD patients with
normal cognition did not show grey matter atrophy.*

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 809
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Table 3. Group-wise comparisons in resting-state functional connectivity.

O. Lucas-Jiménez et al.

Seed Target t-value P-value Cohen’s d
HSA-PD < HC
Left Inferior frontal gyrus opercularis Right putamen 3.36 0.007 1.12
Left putamen 2.84 0.015 0.94
Right pallidum 2.36 0.027 0.78
Left pallidum 2.31 0.027 0.77
Left supplementary motor area Right nucleus accumbens 2.90 0.026 0.96
Left fronto-orbital gyrus Right putamen 3.57 0.004 1.19
Right pallidum 3.31 0.005 1.10
Left putamen 2.43 0.028 0.81
HSA-PD < LSA-PD
Right superior frontal gyrus Left putamen 2.85 0.038 1.01
Left precentral Left pallidum 2.73 0.048 0.97
LSA-PD < HC
Left Inferior frontal gyrus opercularis Left putamen 3.30 0.009 1.02
Left amygdala Left nucleus accumbens 2.87 0.027 0.88
Right superior frontal gyrus Left putamen —2.72 0.035 0.84
Left caudate —2.48 0.035 0.76
Left inferior frontal gyrus triangularis Right caudate —3.02 0.018 0.93

HSA-PD, High-subclinical symptoms of apathy Parkinson’s disease group; LSA-PD, Low-subclinical symptoms of apathy Parkinson’s disease group;

HC, Healthy controls.

Taking into account the results of this type, whiter
matter impairment in PD might be a sensitive sign pre-
ceding the neuronal loss in associated grey matter
regions related to apathy. Authors interpreted the
increased axial diffusivity as resulting from expansion of
extracellular space caused by axon and myelin loss.*’
Despite these results, a recent review study'’ remarked
the scarce investigation in mood disturbances in PD.
One study assessing white matter volume in apathetic
PD patients found white matter loss in frontal regions,
cingulate region and the insula.'' Interestingly, in other
pathologies such as Alzheimer’s disease, bilateral ante-
rior thalamic radiations® and corpus callosum’' alter-
ations in white matter are strategic for the occurrence
of apathy. However, white matter axial diffusivity
results have to be interpreted with caution.

The results in resting-state functional MRI showed that
HSA-PD patients revealed an FC decrement in fronto-
striatal and fronto-limbic pathways compared with HC,
but only fronto-striatal FC decrement when compared
with LSA-PD patients. In the study by Baggio and col-
leagues, '* they also found that apathetic PD patients
showed FC reductions compared with HC mainly in lim-
bic, striatal and frontal regions. Interestingly, dorsolateral
prefrontal cortex—caudate circuits are key structures
implicated in any form of apathy.! Comparing LSA-PD
versus HC, significant FC decrements in fronto-limbic
pathways were found between left amygdala and left
nucleus accumbens.

Strikingly, LSA-PD patients also showed an increased
fronto-striatal FC (hyperconnectivity) between the left
inferior frontal gyrus and right caudate and between the
right superior frontal gyrus and left caudate and left puta-
men compared with HC. This hyperconnectivity could
suggest that LSA-PD patients recruited additional
resources as a mechanism to maintain the lower symp-
tomatology of apathy. Previous studies also showed that
the increased FC might be the initial manifestation of
altered brain function preceding cognitive deficits.**?’
This idea is in line with others in which an extensive
review using fMRI methods in several pathologies
revealed that hyperconnectivity is a common response to
neurological alteration.® It might be speculated that alter-
ations such as hyperconnectivity in the pre-symptomatic
phases could be the basis for the development of a bio-
marker, because, as the disease progresses, a critical loss
of resources may result in gradual increment of FC in
other areas,”>** specifically in striatal pathways.”> Some
autopsy-controlled studies in PD revealed associated
pathology before the symptoms become recognizable and
highlighted the relevance of nonmotor symptoms which
appear before the cardinal motor symptoms.’® For
instance, in other pathologies such as Alzheimer’s disease,
hyperconnectivity was observed to reflect adaptive
changes as an attempt to maintain cognitive perfor-
mance.”” Fronto-striatal brain changes have also been
associated with cognitive disturbances. One study revealed
that PD patients with executive impairments on set
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A HSA-PD <HC
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C LSA-PD <HC

Figure 3. Group differences in resting-state functional connectivity. Seeds are the black points and targets are the red points (one-sided positive). Blue
points indicate inverse differences (LSA-PD > HC one-sided negative). Results are shown at P < 0.05 FDR-corrected. (A) Differences between HSA-PD and
HC. (B) Differences between HSA-PD and LSA-PD. (C) Differences between LSA-PD and HC. Abbreviations: HSA-PD = High-subclinical symptoms of apathy
Parkinson’s disease group; LSA-PD = Low-subclinical symptoms of apathy Parkinson’s disease group; HC = Healthy controls; L = Left; R = Right; IFG =
Inferior frontal gyrus; OFC = Fronto-orbital gyrus; SMA = Supplementary motor area; PRE = Precentral gyrus; SFG = Superior frontal gyrus; AM = Amygdala.

shifting and working memory tasks showed hypo-activa-
tion within the fronto-striatal loops connecting dorsolate-
ral and ventrolateral prefrontal cortices, striatum and
thalamus.”®

Regarding the correlates of apathy, in HSA-PD
patients, the lack of emotion and intellectual curiosity
correlated with the altered fronto-striatal pathway, which
is the most affected system when compared with HC or

LSA-PD. Interestingly, the fronto-striatal hyperconnectiv-
ity in LSA-PD, which might be a compensatory mecha-
nism of limbic dysfunction, correlated significantly with
better emotion symptoms in apathy. This result goes in
line with previous studies in which the disruption of
emotional-affective mechanisms related to apathy are
linked to the ventromedial prefrontal cortex, amygdala,
and ventral striatum.'>* Moreover, a recent study showed
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that an increase in apathy symptoms in PD predicted a
decrease in the FC between the bilateral caudate and
bilateral thalamus and between the right gyrus rectus and
the right parahippocampal gyrus.* Finally, the structural-
functional MRI relationship in HSA-PD patients was
observed between white matter difussivity (mean and
axial) alterations and reduced fronto-striatal FC. This
alteration revealed that the higher the white matter mean
and axial diffusivity, the lower the FC between left orbi-
tofrontal cortex and left putamen. These findings could
indicate that in the LSA-PD group a hyperconnectivity is
present, but with greater subclinical symptoms of apathy
(HSA-PD), the fronto-striatal pathway is affected show-
ing an hypoconnectivity which is related with white mat-
ter mean and axial diffusivity alterations.

It is potentially interesting that in line with resting-state
FC results, hyperconnectivity differences have been found
in other pathologies, and that hyperconnectivity has been
related to apathy symptoms.*' Specifically, some studies
reported increased FC in bipolar and schizophrenia
patients involving frontal and limbic regions when com-
pared with HC.*** Moreover, this increased connectivity
in this frontal-paralimbic network correlated with negative
symptoms in bipolar patients.*” In fronto-temporal
dementia, even after controlling for structural atrophy,
frontal hyperconnectivity was also associated with apathy
scores.** These same results related to hyperconnectivity
across various neuropsychiatric and neurodegenerative dis-
eases could explain the underlying mechanism of apathetic
symptomatology, and therefore, could be considered as a
cross-disease model for early symptoms of apathy.

To our knowledge, this is the first study assessing the
association between subclinical symptoms of apathy and
brain changes combining three modalities of neuroimag-
ing and exploring more than one index in DTI white
matter values. The results showed that the affected path-
way in LSA-PD was the limbic circuitry while in HSA-PD
the fronto-striatal and fronto-limbic pathways were
affected. In addition, DTI and resting-state functional
MRI brain changes in HSA-PD patients are related in the
same region. Finally, not only brain differences are pre-
sent between groups, but also a relationship between apa-
thy subclinical symptoms of the four subscales and those
brain changes.

Limitations

Some limitations should be taken into account. The ful-
fillment of the UK PD Society Brain Bank diagnostic cri-
teria was only checked by a single neurologist. An
observance-expectancy effect may have occurred because
participants were instructed not to sleep in resting-state.

O. Lucas-Jiménez et al.

In addition, PD patients were not diagnosed with apathy
but the aim of the study investigated high and low sub-
clinical symptoms of apathy. Future studies addressing
apathy with caregivers’ scales such as LARS-i** and the
four apathy severity classes described in Sockeel and col-
leagues are needed. Employment of more sophisticated
techniques to control crossing fibers in white matter anal-
ysis is needed. The use of different correction methods
has to be considered. Finally, longitudinal studies are
needed to assess the evolution of apathy symptoms in PD
with whole-brain and ROI approaches.

Conclusions

Findings suggest distinct brain alterations in HSA-PD and
LSA-PD patients. Brain changes may occur in the absence
of detectable structural grey matter damage. Thus, the
investigation of both brain functional and structural con-
nectivity can provide different but complementary infor-
mation for the wunderstanding of neurobiological
mechanisms underlying apathy effects. The initial response
to the pathological process of apathy in PD could be the
recruitment of additional resources in LSA-PD patients,
which could be understood as a possible adaptive mecha-
nism until the peak of available resources is reached. The
current findings could help clinicians and researchers to be
aware of the potential presence of apathy while symptoms
are in the first stages. Early identification of apathy could
be helpful to develop new therapies including the manage-
ment of apathy as a key factor.

Acknowledgments

We thank ASPARBI and all of the participants involved
in the study for making this research possible. This study
was supported by the Department of Health of the Bas-
que Government [2011111117], the Spanish Ministry of
Economy and Competitiveness [PSI2012-32441] and the
Department of Education and Science of the Basque
Government (Team A) [IT946-16].

Authors’ Contribution

Conception and design of the study: OLJ, NO, JP, and
NIB. Acquisition and analysis of data: OL], NO, JP, ACZ,
MDC, JCGE, MAGB, and NIB. Drafting a significant por-
tion of the manuscript or figures: OLJ, NO, JP, MDC,
and NIB.

Conflict of Interest

Nothing to report.

812 © 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

85U80| 7 SsuowiWoD aATea.) 3|qedldde sy Aq peusenob afe ssppie YO 8sn Jo Sa|nl 10} Areiq 1 8ulUQ 481 UO (SUONIPUOD-PUB-SWBIL0D A3 | 1M ARe1q 1 BU1|UO//SANY) SUOIPUOD pue SWis | 8y 8eS *[920z/c0/70] U0 Akiqiauljuo A8|IM ‘(Pepiues ap OLBXSIUIIN) UOSINOIG [PUOTeN SUeIY0D UsiUeds Ag 825 EUJe/Z00T OT/I0P/W0d A3 1M Afelq 1 pul|uo//Sdny wo.j pepeojumoq ‘., ‘8T0Z ‘€0S682E2



O. Lucas-Jiménez et al.

Apathy and Brain in Parkinson’s Disease

16. Lawrence AD, Goerendt IK, Brooks DJ. Apathy blunts
References . L
neural response to money in Parkinson’s disease. Soc

1. Pagonabarraga J, Kulisevsky J, Strafella AP, Krack P. Neurosci 2011;6:653—662.

Apathy in Parkinson’s disease: clinical features, neural 17. Yesavage JA, Sheikh JI. Geriatric Depression Scale (GDS)
substrates, diagnosis, and treatment. Lancet Neurol recent evidence and development of a shorter violence.
2015;14:518-531. Clin Gerontol 1986;5:165—173.

2. den Brok MGHE, van Dalen JW, van Gool WA, et al. 18. Almeida OP, Almeida SA. Short versions of the geriatric
Apathy in Parkinson’s disease: a systematic review and depression scale: a study of their validity for the diagnosis
meta-analysis. Mov Disord 2015;30:759—769. of a major depressive episode according to ICD-10 and

3. Pedersen KF, Larsen JP, Alves G, Aarsland D. DSM-IV. Int J Geriatr Psychiatry 1999;14:858-865.
Parkinsonism and Related Disorders Prevalence and 19. Martinez de La Iglesia J, Onis Vilches M, Duenas Herrero
clinical correlates of apathy in Parkinson ‘s disease : a R, Albert Colomer C, Aguado Taberné C, Luque Luque
community-based study. Park Relat Disord 2009;15: R. Version espanola del cuestionario de Yesavage
295-299. abreviado (GDS) para el despistaje de depresion en

4. Dujardin K, Sockeel P, Devos D, et al. Characteristics of mayores de 65 afos: adaptacion y validacion. Medifam
apathy in Parkinson’s disease. Mov Disord 2007;22: 2002;12:620-630.

778-784. 20. Tomlinson CL, Stowe R, Patel S, et al. Systematic review

5. Goetz CG, Emre M, Dubois B. Parkinson’s disease of levodopa dose equivalency reporting in Parkinson’s
dementia: definitions, guidelines, and research perspectives disease. Mov Disord 2010;25:2649-2653.
in diagnosis. Ann Neurol 2008;64(SUPPL. 2):81-92. 21. Sockeel P, Dujardin K, Devos D, et al. The Lille apathy

6. Kaufer DI, Cummings JL, Ketchel P, et al. Validation of rating scale (LARS), a new instrument for detecting and
the NPI-Q, a brief clinical form of the Neuropsychiatric quantifying apathy: validation in Parkinson’s disease.
Inventory. ] Neuropsychiatry Clin Neurosci 2000;12: J Neurol Neurosurg Psychiatry 2006;77:579-584.

233-239. 22. Garcia-Ramos R, Villanueva Iza C, Catalan MJ, et al.

7. Simuni T, Sethi K. Nonmotor manifestations of Validation of a Spanish version of the lille apathy
Parkinson’s disease. Ann Neurol 2009;64(52):565-S80. rating scale for Parkinson’s disease. Sci World ]

8. Wen M, Chan LL, Tan LCS, Tan EK. Depression, anxiety, 2014;2014:1-7.
and apathy in Parkinson ‘s disease : insights from 23. Meyers LS, Gamst G, Guarino A. Performing data analysis
neuroimaging studies. Eur J Neurol 2016;23:1001-1019. using IBM SPSS. 2013.

9. Pont-Sunyer C, Hotter A, Gaig C, et al. The Onset of 24. Litvan I, Goldman JG, Troster Al et al. Diangostic
Nonmotor Symptoms in Parkinson’s disease (The ONSET Criteria for Mild Cognitive Impairment in Parkinson’s
PDStudy). Mov Disord 2015;30:229-237. disease: movement Disorder Society Task Force Guidelines.

10. Reijnders JSAM, Scholtissen B, Weber WEJ, et al. Mov Disord 2012;27:349-356.

Neuroanatomical correlates of apathy in Parkinson’s 25. Diez-Cirarda M, Strafella AP, Kim J, et al. Dynamic
disease: a magnetic resonance imaging study using voxel- functional connectivity in Parkinson’s disease patients with
based morphometry. Mov Disord 2010;25:2318-2325. mild cognitive impairment and normal cognition.

11. Carriere N, Besson P, Dujardin K, et al. Apathy in Neuroimage Clin 2017;2018:847-855.

Parkinson’s disease is associated with nucleus accumbens 26. Baik K, Cha ], Ham JH, et al. Dopaminergic Modulation
atrophy: a magnetic resonance imaging shape analysis. of Resting-State Functional Connectivity in De Novo
Mov Disord 2014;29:897-903. Patients With Parkinson’s Disease. Hum Brain Mapp

12. Alzahrani H, Antonini A, Venneri A. Apathy in Mild 2014;35:5431-5441.

Parkinson’s Disease: neuropsychological and Neuroimaging 27. Bell PT, Gilat M, O’Callaghan C, et al. Dopaminergic basis
Evidence. ] Parkinsons Dis 2016;6:821-832. for impairments in functional connectivity across

13. Skidmore FM, Yang M, Baxter L, et al. Apathy, subdivisions of the striatum in Parkinson’s disease. Hum
depression, and motor symptoms have distinct and Brain Mapp 2015;36:1278-1291.
separable resting activity patterns in idiopathic Parkinson 28. Zhang Y, Wu J, Wu W, et al. Reduction of white matter
disease. Neurolmage 2013;81:484-495. integrity correlates with apathy in Parkinson’s disease. Int

14. Baggio HC, Segura B, Garrido-Millan JL, et al. Resting- J Neurosci 2018;128:25-31.
state frontostriatal functional connectivity in Parkinson’s 29. Rektor I, Svitkova A, Vojtisek L, et al. White matter
disease-related apathy. Mov Disord 2015;30:671-679. alterations in Parkinson’s disease with normal cognition

15. Hall JM, Martens KAE, Walton CC, et al. LS& MA. precede grey matter atrophy. PLoS ONE 2018;13:1-15.
Diffusion alterations associated with Parkinson’s disease 30. Torso M, Serra L, Giulietti G, et al. Strategic lesions in the
symptomatology : a review of the literature. Parkinsonism anterior thalamic radiation and apathy in early Alzheimer’s
Relat Disord 2016;33:12-26. disease. PLoS ONE 2015;10:1-15.

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 813

85UB017 SUOWIWOD SAIERID 3|l |dde 3L Aq peueA0f 8. S3ONIE WO ‘SN JO S9N 104 ARIQIT BUIUO 8|1\ UO (SUONIPUD-PUB-SWLIBILI0" AB] 1M AR [BU1UO//SANY) SUORIPUOD PUB SWLB L 8U} 89S *[9202/60/70] U0 %1 8U1IUO A81IM ‘(PepIUeS 8P OLRISIUIN) UOSIAOAK [EUOIEN BURIL0D USIUedS Aq 8.5 €UJR/Z00T 0T/I0p/W00"A8 1M Aeiqjeu|uo//Sdiy wo.j pepeojumod *. ‘8TOT ‘€0S682E2



Apathy and Brain in Parkinson’s Disease

31. Likitjaroen Y, Meindl T, Friese U, et al. Longitudinal
changes of fractional anisotropy in Alzheimer’s disease
patients treated with galantamine: a 12-month
randomized, placebo-controlled, double-blinded study. Eur
Arch Psychiatry Clin Neurosci 2012;262:341-350.

32. Baggio HC, Segura B, Sala-Llonch R, et al. Cognitive
impairment and resting-state network connectivity
in Parkinson’s disease. Hum Brain Mapp 2015;36:
199-212.

33. Gorges M, Miiller H-P, Lulé D, et al. To rise and to fall:
functional connectivity in cognitively normal and
cognitively impaired patients with Parkinson’s disease.
Neurobiol Aging 2015;36:1727-1735.

34. Hillary FG, Roman CA, Venkatesan U, et al.
Hyperconnectivity is a fundamental response to
neurological disruption. Neuropsychology 2015;29:59-75.

35. Hacker CD, Perlmutter JS, Criswell SR, et al. Resting state
functional connectivity of the striatum in Parkinson’s
disease. Brain 2012;135:3699-3711.

36. Garcia-Ruiz PJ, Chaudhuri KR, Martinez-Martin P. Non-
motor symptoms of Parkinson’s disease A review.from the
past. ] Neurol Sci 2014;338:30-33.

37. Brier MR, Thomas JB, Ances BM. Network dysfunction in
Alzheimer’s disease: refining the disconnection hypothesis.
Brain Connect 2014;4:299-311.

38. Lewis SJG, Dove A, Robbins TW, et al. Cognitive
impairments in early Parkinson’s disease are accompanied
by reductions in activity in frontostriatal neural circuitry.
J Neurosci 2003;23:6351-6356.

39. Levy R, Dubois B. Apathy and the functional anatomy of
the prefrontal cortex-basal ganglia circuits. Cereb Cortex
2006;16:916-928.

40. Dan R, Ruzicka F, Bezdicek O, et al. Separate neural
representations of depression, anxiety and apathy in
Parkinson’s disease. Sci Rep 2017;7:12164.

41. Kos C, van Tol MJ, Marsman JBC, et al. Neural correlates
of apathy in patients with neurodegenerative disorders,

O. Lucas-Jiménez et al.

acquired brain injury, and psychiatric disorders. Neurosci
Biobehav Rev 2016;69:381-401.

42. Meda SA, Gill A, Stevens MC, et al. Differences in resting-
state fMRI functional network connectivity between
schizophrenia and psychotic bipolar probands and their
unaffected first-degree relatives. Biol Psychiatry
2012;71:881-889.

43, Kadhka S, Meda SA, Stevens MC, et al. Is Aberrant
Functional Connectivity A Psychosis Endophenotype? A
Resting State Functional Magnetic Resonance Imaging
Study. Biol Psychiatry 2013;74:458—466.

44. Farb N, Grady CL, Strother S, et al. Abnormal network
connectivity in frontotemporal dementia: Evidence for
prefrontal isolation. Cortex 2013;49:1856—1873.

Supporting Information

Additional Supporting Information may be found online
in the supporting information section at the end of the
article.

Figure S1. Post hoc Analyses: Structural MRI and resting-
state functional MRI relationship. In HSA-PD patients, the
increased white matter mean diffusivity and axial diffusivity
correlated with the reduced FC between left orbitofrontal
cortex and left putamen (p = —0.818, P = 0.001;
p = —0.811, P =0.001), indicating that the higher the
white matter mean diffusivity and axial diffusivity, the
lower the FC between left orbitofrontal cortex and left puta-
men. No correlations were found in LSA-PD or HC.

Figure S2. Scatterplots. (A) Correlations between apathy
factors and functional connectivity and between apathy fac-
tors and mean and axial diffusivity in HSA-PD. (B) Corre-
lation between emotion factor and hyperconnectivity in
LSA-PD. (C) Correlation between UPDRS III and hyper-
connectivity in LSA-PD.
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