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ABSTRACT: Background: The aim of this systematic
review was (1) to identify the brain regions involved in
anxiety in Parkinson’s disease (PD) based on neuroimag-
ing studies and (2) to interpret the findings against the
background of dysfunction of the fear circuit and limbic
cortico-striato-thalamocortical circuit.

Methods: Studies assessing anxiety symptoms in PD
patients and studies using magnetic resonance imaging,
positron emission tomography, or single-photon emis-
sion computed tomography were included.

Results: The severity of anxiety was associated with
changes in the fear circuit and the cortico-striato-
thalamocortical limbic circuit. In the fear circuit, a reduced
gray-matter volume of the amygdala and the anterior cingulate
cortex (ACC); an increased functional connectivity
(FC) between the amygdala and orbitofrontal cortex (OFC)
and hippocampus and between the striatum and the medial
prefrontal cortex (PFC), temporal cortex, and insula; and a
reduced FC between the lateral PFC and the OFC,

.
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hippocampus, and amygdala were reported. In the cortico-
striato-thalamocortical limbic circuit, a reduced FC between
the striatum and ACC; a reduced dopaminergic and noradren-
ergic activity in striatum, thalamus, and locus coeruleus; and a
reduced serotoninergic activity in the thalamus were reported.
Conclusion: To conclude, anxiety is associated with struc-
tural and functional changes in both the hypothesized fear
and the limbic cortico-striato-thalamocortical circuits. These
circuits overlap and may well constitute parts of a more
extensive pathway, of which different parts play different
roles in anxiety. The neuropathology of PD may affect these
circuits in different ways, explaining the high prevalence of
anxiety in PD and also the associated cognitive, motor, and
psychiatric symptoms. © 2020 The Authors. Movement Dis-
orders published by Wiley Periodicals LLC on behalf of
International Parkinson and Movement Disorder Society

Key Words: Parkinson’s disease; anxiety; imaging; fear
circuit; limbic circuit
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Fear is a universal emotion that triggers a state of
alertness in response to a real or perceived threat. It
may lead to a psychological and physiological state
called anxiety and become a pathological symptom
when the manifestations of anxiety are deleterious for
the daily life of the subject, such as when the response
is exaggerated or prolonged or occurs after exposure to
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The fear circuit and the limbic cortico-striato-
thalamocortical circuits play a parallel role in fear and anx-
iety. The fear circuit involves the amygdala and the anterior
cingulate cortex (ACC), the medial prefrontal cortex
(mPFC), the insular cortex, the hippocampus, and the stria-
tum.”” The limbic cortico-striato-thalamocortical circuit
involves the PFC, the basal ganglia, and the thalamus.® In
PD patients, alteration of these circuits such as dopaminer-
gic, noradrenergic, and serotoninergic neurodegeneration
may explain the high prevalence of anxiety.”

Several studies have explored the neural correlates of
anxiety in PD using anatomical (magnetic resonance
imaging [MRI]) and functional (positron emission
tomography [PET], single-photon emission computed
tomography [SPECT], and functional MRI [fMRI])
neuroimaging. Although some systematic reviews of
neuroimaging studies focusing on non-motor symptoms
in PD have been performed,”!! none focused specifi-
cally on anxiety.

The aim of this systematic review was (1) to identify
the brain regions involved in anxiety in PD patients
based on the results of neuroimaging studies and (2) to
interpret the findings against the background of
dysfunction of the fear and the limbic circuits.

Patients and Methods

The protocol for this systematic review was registered
in PROSPERO and followed the PRISMA guidelines'*'?
(PROSPERO-ID CRD42020158980). A literature search
in PubMed/Medline, PsychINFO, and the Cochrane
Library was performed using these search terms:
(Parkinson’s disease OR Parkinson) AND (Anxiety)
AND ([imaging] OR [MRI] OR [PET] OR [SPECT] OR
[fMRI] OR [functional MRI]). The search was con-
ducted across the entire time span until January 8, 2020,
and resulted in 382 articles. Further information about
data selection and inclusion criteria is provided in Sup-
plementary Methods S1 in Appendix S1.

A quality assessment to assess the risk of bias in
individual studies has been performed using 9 quality
criteria, following the approach of Wolters et al.'*
More information about data extraction and quality
assessment is provided in Supplementary Methods
S2 in Appendix S1. The data selection, quality
assessment, and data extraction were performed by
two authors independently (G.C. and M.G.), and
discrepancies were discussed until a consensus was
reached.

Imaging data were summarized in 3 tables: anatomi-
cal, functional, or metabolic differences. In each table,
the localizations of these changes were identified
according to their peak coordinates in Montreal Neuro-
logical Institute space. The main changes were consid-
ered relevant according to their frequency and

reproducibility between all the studies. No statistical
test was used for this systematic review. Relevant
changes were reported on figures representing cortical
or subcortical structures to summarize and to better
visualize these changes.

Results

Research Results

Eighteen imaging studies met the inclusion criteria
and were included in this systematic review. These con-
sisted of 4 anatomical MRI studies,”>'® 4 fMRI
8 neurotransmitter/transporter imaging
studies, and 2 metabolic imaging studies.>'** No
computed tomography study was found. The flow chart
of the study selection procedure is provided in Supple-
mentary Results S3 in Appendix S1. Taken together,
the included studies comprised 1840 participants (1470
PD patients and 370 healthy controls [HCs]). Demo-
graphic characteristics are presented in Table 1.
According to the quality assessment, 12 of 18 studies
received a score of “good,”!°20-2223:26.29.30.32 4
6 received a score of “moderate.”*!*%25:2728:31 Eyrther
information about this quality assessment can be found
in the Supplementary Methods S2 in Appendix S1.

23-30

Anatomical MRI Studies

The 4 anatomical MRI studies together comprised
329 PD patients. None included HCs. All were based
on 3-T MRI T1-weighted scans. Three studies used
voxel-based morphometry (VBM) to analyze gray-
matter volume, and 1 used structural covariance ana-
lyses to analyze structural connectivity. Two studies
compared PD patients with and without anxiety (aPD
and naPD), and 2 studies correlated the severity of anx-
iety to anatomical changes. The studies used three dif-
ferent scales for the assessment of anxiety: the Beck
Anxiety Inventory (BAI),>® the Hamilton Rating Scale
for Anxiety (HAMA),** and the Hospital Anxiety and
Depression Scale, Anxiety Subscale (HADS-A).3?

In studies using VBM, higher anxiety scores, as mea-
sured with the BAIL, were associated with a reduced vol-
ume of the bilateral ACC, the left amygdala, the bilateral
precuneus, and the bilateral cerebellar tonsils. There
were negative correlations between the BAI and struc-
tural covariance of the left striatum and right caudate
and between the left striatum and bilateral prefrontal
cortex (PFC). The results are presented in Table 2.

fMRI Studies

The 4 fMRI studies comprised 217 participants, of
whom 174 were PD patients and 43 were HCs. In all
studies, 3-T resting-state fMRI and T1-weighted scans
were performed. In all studies, voxel-level seed-based
analysis was performed, and in 1 study, an additional

328 Movement Disorders, Vol. 36, No. 2, 2021



P D

I'N

ANXIETY

r
L

IMAGING

(senunuo)n)
PSINOd V1S 4218 18 aneuisp
- - (ev1¥) 152 @z1¥) 118 €97 6 - G/S1 (821¥) 628 02 (d " pesou
- - (€11¥) 695 (191¥) 2'v8 - (8¢ 1L - /6 (€L1¥) G058 ZL ad pes
Sdsg - o2[© 10 BweALop
@z9) vie (89¥) 52 1> (19¥) el - (1es) zaL - /81 (€°8¥) 665 14 Qdeu
60F282 €966 IR (£6¥) 561 - GeH 6Pl - Gl (t'6¥) 285 6 ade
Iag v-SAvH ozle 18 0113
(G'1¥) 692 5% L'y (9e¥) ¢ (217 6°L) - (2117 el - - 627189 147 ad
aNVH YINVH 4218 18 0j0AEIB)
- (80'z¥) 82’1 (ee'¥1¥) €0°28 WN - - (6'2%) 2191 99/12k @11¥) v209 /81 OH
- (1e2¥) 622 (Z¥'81¥) 6£°69 (€6'8¥) G202 - - (86'2¥) 951 OFL/92 (8'6¥) 02'19 G0 ad
Sav V1S gzI® 18 0[[101d
umoys 10N (00'6¥) 008 (¢e'8¥) 0511 (89°01%) 20cz  (82¥/¢¥) L2191 (06'2¥) a5¢ - ev/78 (86°01%) 1679 4! ad
[a Iva o218 18 Buljop
WN - WN (Y0'e¥) £91 8%/59 (2z1¥) 809 eLL OH
umoys 10N umoys 10N umoys 10N (22'8¥) 661 - (¥S5'0¥) 650 (ores) 951 99//¥1 (65'6¥) €29 el 4-ad
(8e'8¥) 9'12 - (€5'0¥) 250 (20'€¥) ¥'G1 99/88 (98'6¥) €09 51 1-ad
ocl® 18 Weikeg
saipn}s Huibew Japodsuesy/iapiwisuesjoinay
- (90'2¥) ¥5'1 (¥0'e¥) ee2 WN wN WN (26'2¥) 6201 v/ 0L (G9'v+) €£°59 e OH
(15'1¥) vese 61¢¥) €8¢ (er'es ¢6'a 6S0L¥) g5z (£690£¥) G6'€LE (2829 v6°¢ (95°¢¥) 2811 LLVE (11'8¥) 2199 G Qdeu
(819 6LL2 (¥9'2+¥) 926 (10°¢¥) L¥'SL (¢6'8¥) s0've (80°252¥) L1706 (cze¥ ase (G6'2¥) v82lL 92t QLs¥) v 8l ade
QNVH YINVH ozle 18 Buem
(6'8¥) 817D
{279 9z 8+ 0t (r6¥) 2'8¢ (9) (WS R (2'919%) 1'90¢t es L1 (Lz9gel ZHSL 627 619 I ad
[a V1S o,[8 18 UeqQ
(€0'1¥) 6282 (06°0%) L¥'1 ¢9'1¥) 6L WN WN WN (vee+) 8501 6/01 (16°€¥) 12'99 6l OH
(02'1¥) 6082 (6ee¥) vey (re'e¥) 199 @go1® €Lz (LT'162%) 8¥ Lvy (00'e¥) ev'y (G6'e¥) 811 6/¢ (€0'9¥) 8¥'69 ee adeu
(€0'¢¥) €522 (ve'2+) €68 (12'e¥) 00°G1 (06'6¥) 08172 (ve'292¥) £0°vS (rres) Ley @rez¥ ezl /01 (lee¥) eg1L Gl ade
aNVH YINVH 28 18 Buem
611 v6'8¢2 (8'9) €572 (L9v¥) zv'1€e (18°01%) 980z (¢8°2e1¥) 91’826 (lz'y¥) €29 - 9/0¢ (19'9+) 8629 9 ad
Sas SvsS 4P 18 Bueyz
saipn}s buibew jeuonoung
{16°2F) 2’9z (28'¢+) 182 (28'€¥) €51 (0z'8+) zv'st (66'865+) 88°G65 (ore¥) a8y (1g'e¥) €0k L1/98 (66'2%) 6159 el ad
SaY v-SAvH ;.18 18 83
G1¥) ¥'8e (" zot (€89 gel ro1¥) 642 (Lzee#) vrogy (9e¥) ge - /99 (€01¥) 99 oLL ad
Iag Ivg o,[€ 18 pUBUIA
(e'1¥) 2¥'8e (16'2¥) ¥9'9 (L1'e¥) a¥'9 29017 6082 (S0°9v¢+) 82'I0OY (LEy¥) 2972 NARA R 9l/LL (60'6¥) L2959 ee Qdeu
(ve'e¥) 0082 (12'e¥) 0504 (Lres) €91 Qo'L® 6206 (£2°€62%) 91°€6G (r2'6¥) 888 GOy F88LL 9/2 (1¥°8¥) G269 8 ade
QNVYH YINVH @18 BN
(G1¥) ¥'8¢e (@SN (€8¥) L'LL €L+ Lve (¢'062%) Sv91L G+ 9¢ - /1L (011¥) 6°€9 GLL ad
Iag Iva ¢, [8 18 YlImigisoQ
saipn}s Huibew |eojwojeuy
(-eDON/ASININ) 8[eos uoissaideq 8[eos Ajeixuy l-sdadn (Rep/Bu) ) ) (3/n) Q] oz Apmig
uonubon aaa uoljelnp aseasiq uoneonp3 Japusn) aby

MBINBJ D11BWIAISAS 8U1 Ul papn[oul saipnis ayi ul sjuedioiued ayy JO SoNsu81oeIeyD [eoluljo pue olydesbowsq

‘I 31gvl

329

Movement Disorders, Vol. 36, No. 2, 2021



ET AL ]

CAREY

"WwOOWN Buisn pessesse uoiuboo, ‘ejeag bBuley asessiq s,uosuped payiun ‘SHadn ‘Hedk ‘(1) ‘Aiojusaul Aleixuy Jed| -eiels Biaqields ‘IV1S ‘o/eos uoissaideq Buley-yos ‘sas ‘eress (Q) ‘eleos Alel

-Xuy Buney-Jes ‘SyS ‘4epJosip AlaIxue [B100s ‘pes [9jedg uoissaidag—alelS POoOoA 4O 940id ‘PSINOJ ‘@seasip s,uosupied ‘ad ‘A1eIxue Inoyim ad ‘adeu ‘e|geoldde jou ‘yN ‘Juawissassy aAiuboD) [easjuoiy ‘YOO

‘uoleulwex3 a1elg [BJUSN-IUIN ‘JSININ ‘eBesop Ajrep juseainbs edopons| ‘qa3 s043uod Ayyesy ‘OH ‘e[eog Buirey uoisseideq uoyiweH ‘QINVH ‘A1eIxuy Joy 8|eos Buiyey uoljiweH ‘VINYH

[easang Ajeixuy ‘o[eos

uoissaide@ pue Aixuy [eydsoH ‘Y-SavH ‘e[eos uoissaidsq oujeusn ‘gD ‘©[edS Bigoyd [e100S Joug ‘Sdsg ‘Alojuaau) uoissaideq xoeg ‘|ag ‘Alojusaul A1eixuy Moog ‘Ivg ‘Aleixue yum ad ‘dde :suolieinaiqay

081 [e101
wN wN wN wN wN WN (88'¢¥) vyl  6¥i/1ee (¢6'2+) 68°€9 0.€ OH
wN wN wN (£8'7%) 16702 (€2'¢98¥) €1°015 (L¥'v¥) 929 (er'g¥) oeel  9GEMHLLL (92'6¥) 0v'e9  0LbL ad

[e101

(62-0¢) 0¢ 01-0) ¢ (01-0) 2 WN WN WN (NES NI G/l 029 ¥29 2l OH

(0e-92) 62 (le-1) 8 (Ge-1 21 umoys 10N - (L0¥) g6 (90¥%) 821 091 (r'1¥) 699 92 ad
[a Iva 2¢le 18 Bueny

(38'0¥) 0062 (€zz¥) €5y (G8'1¥) 281 WN WN WN (91'e¥) 0001 L8 (29y¥) eee9 Gl OH

(¢z'1¥) €682 (06'2¥) €L's (Les) geg (v2'6¥) 0961 (82'952+) £8°061 (692 v¥e (18'2¥) 1901 /8 (G6'8%) €19 Gl Qdeu

(66'0%) G162 (9z2'¢¥) 9r's (v0'e¥) 80w (voor® €712 (62'S81¥) 88262 (¢Le¥) age (ee2¥) 2901 /6 (12°6¥) 1£89 el ade
aNVH YINVH ¢l 18 Buem
saipn)s buibew: aljoqelsp

- GLy¥) €2l (G921¥) €1y (66'8¥) 8'€2 (951¥¥) 6105 @z® ¥y - 9yl (1'8¥) 518 02 ad
Iag V1S ¢zI® 19 Away

(97020

- 27 09 (06¥) 5'2€(9) - - (Gg¥) g2 62¥) LSt 61/.5 (801¥) 829 9/ ad

(eDON/ASININ) 8[eos uoissaldaq 8[eos Ajeixuy l-sdadn (Rep/Bu) ) ) (3/n) Q] 8z Apnig
uonubo) aaa uoljelnp aseasiq uoleonp3 Japusn) aby

psnuiluod *L 379dv.L

Movement Disorders, Vol. 36, No. 2, 2021

330



r IMAGING ANXIETY IN PD

region of interest-level analyses was performed. Func-
tional connectivity strength between an identified seed
and the whole brain was performed in three studies,
whereas in 1 study the amplitude of low-frequency fluc-
tuations (ALFFs) in the whole brain was analyzed,
corresponding to the functional activity. In 2 studies
aPD, naPD, and HC were compared, whereas in 2 stud-
ies the severity of anxiety was correlated with functional
changes. No study was found using diffusion tensor
imaging (DTI). Three different anxiety rating scales were
used: the HAMA, Self-Rating Anxiety Scale,®® and the
Spielberg State-Trait Anxiety Inventory (STAI).>”

In aPD patients, higher ALFFs were reported in
the right cerebellum (regions IX and VIII) and the
right orbitofrontal cortex (OFC) than naPD or HC.
Increased anxiety was associated with a stronger func-
tional connectivity (FC) between the amygdala and the
OFC, parietal cortex (more specifically the superior
parietal lobule, precuneus, and angular gyrus), and the
medial temporal cortex. Moreover, there was stronger
FC between the OFC and temporal cortex, between the
striatum and temporal cortex, and between the striatum
and the cingulate cortex. Increased anxiety severity was
associated with a lower FC between the amygdala and
the dorsolateral prefrontal cortex (dIPFC), between the
striatum and the OFC, and between the OFC and
dIPFC. The results are presented in Table 3.

L

Neurotransmitter/Neurotransporter Studies

The 8 neurotransmitter/neurotransporter imaging
studies comprised 1292 participants, of whom 1105
were PD patients and 187 were HCs. In 6 studies, the
dopamine transporter (DAT) binding rate (BR) in the
striatum was analyzed using *™Tc-TRODAT-1 SPECT
(2 studies) or '*’I-FP-CIT SPECT (4 studies). In 1 study,
the DAT and noradrenaline transporter (NAT) BR were
analyzed using ''C-RTI-32 PET. In another study, the
DAT and serotonin transporter (SERT) BR were ana-
lyzed using '*’I-FP-CIT SPECT. In 5 studies, aPD
patients were compared with naPD patients or HCs.
Eight studies correlated the severity of anxiety with
changes in the BR. Five different anxiety scales were
used: the STAI the BAIL, the HAMA, the Brief Social
Phobia Scale),>® and the HADS-A.

Increased anxiety in PD was associated with reduced
DAT binding in the bilateral caudate, the left putamen,
the bilateral thalamus, bilateral amygdala, and the left
locus coeruleus. Increased anxiety was also associated
with reduced NAT in the left caudate, the bilateral thala-
mus, the bilateral amygdala, and the left locus coeruleus,
as well as with reduced SERT in the bilateral thalamus.
Two studies focused specifically on social anxiety disor-
ders.”>?*” Both reported that severity of social anxiety
was associated with increased DAT binding in the stria-
tum, bilaterally. The results are presented in Table 4.

TABLE 2. Anatomical imaging studies of PD-related anxiety

MNI coordinates

Studies Size  Anxiety scale Outcome Analyze software Localization xlylz Statistic values
Oosterwijk et al'® Negative correlation 7 Scores
PD 115  BAl Structural covariance  Multiple regression |. DCN —13/15/9 5.36

r. caudate 12/18/14 5.33
SPM r. DCN 13/15/9 4.71
r. vIPFC 51/30/-4 5.48
l. DCP —28/1/3 4.79
r. caudate 10/16/14
1. NA —9/9/-8
r. caudate 10/16/12
I. dIPFC —48/20/40
Ma et al'® zScores
aPD 8 HAMA GMV (VBM) Comparisons (ANOVA) . tonsil/lobule VIl 34.5/-48/-43.5 2.92
naPD 33 SPM |. tonsil —40.5/-46.5/-43.5 2.76
Vriend et al'® Multiple regression T-values
PD 110  BAI GMV (VBM) FreeSurfer, SPM |. amygdala —24/0/-29 2.91
Wee et al'’ 7 Scores
PD 73 HADS-A GMV (VBM) Multiple regression . precuneus —18/-63/36 3.69
l. ACC —8/23/28 3.70
SPM r. precuneus 12/-55/36 3.73
r. ACC 8/30/15 3.36

Abbreviations: ANOVA, one-way analysis of variance; aPD, PD patients with anxiety; BAI, Beck Anxiety Inventory; GMV, gray-matter volume; HADS-A, Hospital
Anxiety and Depression Scale, Anxiety Subscale; HAMA, Hamilton Rating Scale for Anxiety; MNI, Montreal Neurological Institute; naPD, PD patients without anxi-
ety; PD, Parkinson’s disease; SPM, statistical parametric mapping; VBM, voxel-based morphometry.
Region of interest: ACC, anterior cingulate cortex; DCN, dorsal caudate nucleus; DCP, dorsal-caudate putamen; dIPFC, dorsolateral prefrontal cortex; IC, insular
cortex; I, left; NA, accumbens nucleus; PCC, posterior cingulate cortex; preCG, precentral gyrus; r, right; SFG, superior frontal gyrus; vIPFC, ventrolateral prefron-

tal cortex.
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TABLE 3. Functional imaging studies of PD-related anxiety
MNI coordinates
Studies Size  Anxiety scale Outcome Analyze software Localization xlylz Statistic values
Zhangetal®® 36  SAS Weighted degree  Correlations (GLM) Anxiety T-values
PD and FC strength  SPM, RESTplus FC |. amygdala. —21/0/-12
(BOLD signal) l. AG —54/-63/33 6.15
l. SPL —36/-69/48 5.54
. cuneus —9/-87/6 5.25
r. IFG 42/36/9 —5.74
l. STG —63/-33/12 -5.39
Wang eta® 15  HAMA ALFF methods Comparisons (ANCOVA) aPD > naPD Zscore
aPD 33 SPM r. cereb.IX 9/-42/-51 4.07
naPD 19 rs-fMRI data analyses toolkit r. cereb.Vlll 18/-72/-42 4.40
HC r. OFC 33/51/9 4.44
aPD > HC
r. cereb.VIIl 21/-72/-42 4.24
r. OFC 27/48/3 411
r+1. medulla  6/—42/-51 4.24
Danetal® 27 STAl FC strength Multiple regression Anxiety Left Right T-values
PD (BOLD signal) Software "CONN" (Matlab) ~ FC OFC —-5/37/-18 8/36/—18 Left Right
Amyg. =23/-1/-17  2711/-18 3.73 419
Hipp. —25/-21/-10 29/-20/-10  4.35 3.81
ParaHipp.G -21/-16/-21 25/-15/-20  5.38 7.36
FC iMTG - 57/-37/-1
OFC - 8/36/—-18 ns 3.94
Amyg. - 2711/-18 ns 49
Hipp. - 29/-20/-10 ns 4.55
ParaHipp.G - 25/-15/-20 ns 3.95
FC SMC —39/-6/51 41/-8/52
OFC -36/31/-12  18/48/-14 -5.02 -4.04
FC dIPFC —5/54/-7 8/52/-7
Amyg. -23/-1/-17  2711/-18 -4.26 -5.18
TP -40/15/-20 - —4.38 ns
OFC -36/31/-12 - -5.01 ns
Wangetal®® 18  HAMA FC strength Comparisons (ANCOVA) aPD > naPD 7 Values
aPD 45 (BOLD signal) SPM FC I. putamen  —24/4/2
naPD 24 r. OFC 13/18/60 -3.130
HC FCr. putamen  28/5/2
l. OFC —6/63/-3 —3.744
r. cereb. 51/-63/-48 -5.199
r. precuneus 0/—45/72 -3.981
r.1C 39/-9/-6 4713
I. TP -39/-3/-15 4.343
I. MOG —42/-87/-3 3.162
|. caudate —-15/15/18 3.976
r. MCC 12/-6/33 3.208
aPD > HC
FC . putamen  —24/4/2
l. ACC —12/36/3 —4.136
FCr. putamen  28/5/2
l. OFC —6/39/-9 -3.490
r. paraCL 6/—24/75 3.590
|. paraCL 0/-30/63 3.755

Abbreviations: ANCOVA, analysis of covariance; BOLD, blood-oxygen-level-dependent; BR, binding rate; ALFF, amplitude of low-frequency fluctuations; aPD, PD
patients with anxiety; HAMA, Hamilton Rating Scale for Anxiety; HC, healthy controls; FC, functional connectivity; GLM, generalized linear model; ns, not signifi-
cant; MNI, Montreal Neurological Institute; naPD, PD patients without anxiety; PD, Parkinson’s disease; SAS, Self-Rating Anxiety Scale; SPM, statistical paramet-
ric mapping; STAI, Spielberger State-Trait Anxiety Inventory.

Region of interest: ACC, anterior cingulate cortex; AG, angular gyrus; amyg, amygdala; cereb, cerebellum; dIPFC, dorsolateral prefrontal cortex; hipp, hippocam-
pus; IC, insular cortex; IFG, inferior frontal gyrus; iIMTG, inferior middle temporal gyrus; |, left; MCC, middle cingulate cortex; MOG, middle occipital gyrus; OFC,
orbitofrontal cortex; paraCL, paracentral lobule; r, right; SMC, sensorimotor cortex; SPL, superior parietal; STG, superior temporal gyrus; TP, temporal pole.
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Metabolic Imaging Studies

The 2 metabolic imaging studies included 81 partici-
pants, of whom 54 were PD patients and 27 were HCs.
In these studies, the cerebral glucose metabolism was
analyzed using '®FDG-PET. In 1 study, aPD patients
were compared with naPD patients and HCs. The other
one correlated the severity of anxiety with metabolic
changes. Two different anxiety scales were used: the
HAMA and the BAL

Increased anxiety was associated with reduced corti-
cal FDG metabolism in the OFC, dIPFC, ventrolateral
PFC, and the cingulate cortex as well as reduced striatal
FDG metabolism (bilateral caudate and right putamen).
The results are provided in Table 4.

Discussion

This review aimed at delineating the brain regions
involved in anxiety in PD as identified by studies using
3 types of approaches: anatomical, functional, and met-
abolic imaging. It revealed that several structures were
implied in the pathophysiology of fear. Both anatomical
and functional changes occurred in the amygdala, the
PFC, the ACC, and the striatum corresponding to both
the fear and the limbic cortico-striato-thalamocortical
circuits. A reduced dopaminergic and noradrenergic BR
occurred in the striatum, the amygdala, the thalamus,
and the locus coeruleus and a reduced serotoninergic
binding in the thalamus. @

The Fear Circuit Is Altered in PD Patients with
Anxiety

This review found evidence of anatomical and func-
tional alterations in the fear circuit in PD-related anxi-
ety. Anatomical and functional changes in the
amygdala and a dopaminergic as well as noradrenergic
BR reduction were associated with anxiety sever-
ity.'®1%-22:23 The amygdala is the central hub of the fear
circuit, commonly separated into 3 nuclei: the
centromedial (CeA), the basolateral (BLA), and the
superficial nucleus. The BLA is the input nucleus and
receives afferent inputs from the PFC, the ACC, the hip-
pocampus, the thalamus, and the brainstem nuclei. It
projects to the CeA, the bed nucleus of stria terminalis
and the striatum. The CeA is the output nucleus of the
amygdala and projects to the brainstem nuclei and the
hypothalamus®>®® (Fig. 1a). Therefore, an imbalance
between the BLA and CeA, with functional dominance
of the BLA, could contribute to the occurrence of anxi-
ety symptoms. This review also brought out anatomical
and functional changes in the PFC and the ACC. In the
fear circuit, theses cortices are postulated to be involved
in the cognitive regulation of emotion, whereas the hip-
pocampus is involved in emotional memory and con-
textual fear reaction.® Other studies also showed that

L

the ventral striatum, the ACC, and the insular cortex
could play a crucial role in encoding aversive contex-
tual information and in controlling negative motivation
to execute avoidance behavior in response to aversive
cues and anticipation of consequence. It was reported
that these structures had major inputs from amyg-
dala.*®*! Their dysfunction could be associated with
impaired voluntary emotion regulation and lower abil-
ity to inhibit intrusive negative thoughts. Therefore, it
could lead to a disturbance of attentional resources and
lower executive performance in anxious PD
patients.*>*? Functional changes between the hippo-
campus and amygdala could lead to dysfunction in
emotional memory and promote negative thoughts or
resurgence of erratic emotional memories. However,
dysfunction of the fear circuit is not the only mecha-
nism that can explain the high prevalence of anxi-
ety in PD.

Changes in Basal Ganglia Circuits Are Involved
in PD-Related Anxiety

The central factor in the neuropathology of PD is
dysfunction of the basal ganglia. A hypodopaminergic
state of the limbic cortico-striato-thalamocortical cir-
cuit has been associated with behavioral and psychi-
atric symptoms in PD, such as anxiety.®>** This
circuit connects the ACC, the mPFC, and the
brainstem nuclei with the basal ganglia such as the
striatum, the pallidum, the subthalamic nucleus
(STN), and the thalamus to modulate mood and
behavior (Fig. 1a). In this review, functional changes
of the striatum were associated with the severity of
anxiety. Moreover, anxiety was associated with a
reduced dopaminergic, noradrenergic, and serotonin-
ergic BR in the structures involved in the limbic
cortico-striato-thalamocortical circuit, such as the
striatum, the locus coeruleus, and the thalamus. Erro
and colleagues®® proposed that cognitive and behavioral
dysfunctions observed in PD patients might reflect a
sequential process of dopamine depletion occurring in
the striatum. The relationship between anxiety and
hypo-dopaminergic state in the striatum may be medi-
ated by disruption of the dopaminergic cortico-striato-
thalamocortical circuit.?® In this circuit, the mediodorsal
thalamus is an especially important relay between the
basal ganglia and the mPFC/ACC, but it also brings sen-
sory input to the BLA and more generally to the fear cir-
cuit.*® The locus coeruleus is the main noradrenergic
center in the brain. Remy and colleagues postulated
that anxiety in PD could implicate thalamocortical
interactions under the control of the noradrenergic
innervation originating in the locus coeruleus.”> These
findings are consistent with the hypothesis of a hypo-
catecholaminergic and hypo-serotoninergic state of the
limbic circuit in PD patients with anxiety. It is thus
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Fear circuit and limbic circuit interactions

(b) Fear circuit and limbic circuit in Parkinson’s disease anxiety

Legend:
— Fear circuit

——— Cortico-basal-ganglia-thalamocortical limbic circuit

= Activation / increased functional connectivity

===== Deactivation / decreased functional connectivity

=== Involved in both circuits

Hypodopaminergic & hyponoradrenergic state

%P Common lesioned location in both circuits

FIG. 1. Schematic representation of the fear circuit and cortico-striato-thalamocortical limbic circuit in human brain: (a) interactions model in normal
brain as reported in the literature;®2° (b) fear and limbic circuit changes in Parkinson’s disease anxiety found in this systematic review. The blue area
corresponds to the structures with a reduced receptor binding for dopamine and noradrenaline, but no information on structural and functional connec-
tivity changes for the basal ganglia and thalamus has been reported in these studies. Therefore, it does not mean that there is no change. Abbrevia-
tions: ACC, anterior cingulate cortex; BLA, basolateral nucleus of amygdala; BNST, bed nucleus of the stria terminalis; CeA, centromedial nucleus of
amygdala; GP(e/i), globus pallidus (external/internal); HypoTh, hypothalamus; OFC, orbitofrontal cortex; (m/dl/vl)PFC, (medial/dorsolateral/ventrolateral)
prefrontal cortex; STN, subthalamic nucleus. [Color figure can be viewed at wileyonlinelibrary.com]

postulated that the neuropathology of PD itself could
affect the pathophysiology of the fear circuit.

The Neuropathology of PD Increases the Risk
of Anxiety

In this review, anxiety in PD was associated with ana-
tomical and functional changes in both the fear circuit
and the limbic cortico-striato-thalamocortical circuits.
We assume that the neuropathology of PD could affect
the fear circuit in different ways. First, there is an
important overlap between the fear and the limbic cir-
cuit. The anatomical separation between these circuits
seems artificial. They must be seen as 2 parts of a big-
ger limbic circuit (Fig. 1b). Dysfunction of the basal
ganglia and the hypo-dopaminergic state due to PD
could affect the proper function of the limbic circuit. It
could promote an over-activation of the fear circuit,
altering fear processing, as well as an under-activation
of the limbic cortico-striato-thalamocortical circuit,
altering the cognitive and behavioral long-term adapta-
tion to fear. Second, dysfunction of these circuits may
occur simultaneously or successively in the course of
the disease. In this review, anxiety was associated with

reduced dopamine, catecholamine, and serotonin in the
thalamus and in the locus coeruleus. These structures
are both closely connected to the 2 circuits.® On the
one hand, the mediodorsal thalamus is directly con-
nected to the BLA and brings sensory input to the fear
circuit.®*** It is also probably connected to the stria-
tum in the fear circuit, but we did not find any confir-
mation in literature (Fig. 1a). On the other hand,
lesions of brainstem nuclei, such as lesions of the locus
coeruleus or the raphe nucleus, occur early in the
course of PD***® and could promote dysfunction of
both the cortico-striato-thalamocortical circuit and the
fear circuit, in parallel or successively. The early impair-
ment of these nuclei could therefore promote anxiety
symptoms. It could explain the high prevalence of anxi-
ety and its associated symptoms in PD. Finally, other
structures, such as the ventral tegmental area (VTA),
the STN, the periaqueductal gray matter, the raphe
nuclei, or the parabrachial nuclei, have been identified
to be involved in fear and anxiety disorders but have
not been studied in PD.*” The alterations in limbic cir-
cuits in the included studies could also indirectly reflect
neuropathological dysfunction of these structures due to
the pathology of PD.
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Anxiety, Depression, and Apathy:
A “Non-Motor Triad”

In addition to studies focusing on the imaging of
anxiety, studies addressing the border area of anxiety,
depression, and apathy may shed light on the neuro-
circuitry of anxiety. Although not the focus of our
search, depression and apathy are commonly associ-
ated with anxiety. Some authors suggested that these
3 neuropsychiatric manifestations would constitute a
behavioral “non-motor triad” in PD.*® On the one
hand, several studies demonstrated that dysfunction
of the cortico-striato-thalamocortical limbic circuit
(OFC, ACC, and limbic part of basal ganglia) is
implied in the pathophysiology of apathy, depression,
and anxiety. These suggest that a more widespread
meso-cortico-limbic dopaminergic denervation (OFC,
dIPFC, cingulate cortices, left ventral striatum, and
right amygdala) is involved in the pathogenesis of
apathy and depression.*” Moreover, another study
stressed the importance of degeneration of serotoner-
gic structures within the limbic system in this “non-
motor triad,” which is already present at the begin-
ning of the disease. The severity of anxiety in apa-
thetic PD patients was linked to a serotonergic
disruption within the bilateral ACC, without a promi-
nent role of dopaminergic degeneration.*® In our
review, one study also showed that the severity of
depression, apathy, and anxiety was associated with a
loss of dopamine and noradrenaline innervation in the
locus coeruleus and the limbic system (ACC, thala-
mus, amygdala, and ventral striatum).”> In another
systematic review, the authors confirmed that not only
mesolimbic dopaminergic but also mesolimbic seroto-
nergic and noradrenergic lesions play a major role in
the mechanisms of these 3 psychiatric symptoms.” On
the other hand, several studies showed differences in
the underlying mechanisms of depression, apathy, and
anxiety. In neurotransmitter imaging studies, these
3 symptoms were associated with a reduced dopami-
nergic innervation in the striatum, notably the ventral
striatum, but several studies showed a specific reduc-
tion in the caudate nucleus in anxious PD
patients.>>**°° Zhang and colleagues reported a posi-
tive correlation between the FC of the left para-
hippocampal gyrus and the severity of depressive
symptoms in PD, whereas the severity of anxiety was
positively correlated to the FC between the para-
hippocampal gyrus and the left amygdala. The func-
tional networks associated with depression and
anxiety were also different.!”** Recently, a study
using VBM and DTI showed that de novo apathetic
PD patients (with or without depression) had micro-
structural alterations in the medial cortico-striatal
limbic  system (striatum, ACC, medial frontal
cortex, thalamus, and midbrain). There was no

L

microstructural alteration correlated with symptoms
of anxiety.*® These studies point out that considering
the pathophysiology of anxiety independently of
depression and apathy is difficult but that it might
have distinct underlying mechanisms. They also high-
light the fact that further appropriate studies are
needed to decipher these mechanisms.

Strengths and Limitations

In our review, we strictly followed the PRISMA
guidelines for systematic reviews. We did not include
the terms “electroencephalography” or “magnetoen-
cephalography” in our search strategy, because this was
not considered within the scope of our review. In a post
hoc exploratory search, no study used these methods to
specifically explore the pathophysiology of anxiety in
PD. However, such studies could usefully extend the
understanding of the pathophysiology of anxiety in PD.

Anxiety is usually not an isolated symptom. It is often
associated with depression, apathy, and/or cognitive
decline. It is thus difficult to determine the pathophysi-
ology of anxiety independently of these other neuropsy-
chiatric symptoms (see the section “Anxiety,
Depression, and Apathy: A ‘Non-Motor Triad” ). The
mean cognitive scores (Mini-Mental State Examination
or Montreal Cognitive Assessment) of the patients in
the included studies are provided in Table 1 and show
no cognitive decline in our sample. However, there
were limitations related to the included studies. All
studies were cross-sectional, which implies that it was
not possible to conclude about temporal or causal rela-
tions. Moreover, there may be alterations in other
structures than those we focused on, such as the VTA
and STN. Further studies are needed to identify the
involvement of the latter and other structures in PD-
related anxiety. Other limitations of the included stud-
ies were inclusion of patients with subclinical anxiety
symptoms, the use of nonvalidated clinical rating scales
for anxiety, the lack of separation of different anxiety
diagnoses, and the lack of correction for covariables.
Finally, the lack of a HC group in some of the included
studies is also a limitation.

Conclusion

In this review, anxiety symptoms were associated
with alterations of the limbic cortico-striato-
thalamocortical circuit and the fear circuit. In PD, dys-
function of basal ganglia and brainstem nuclei could
lead to alteration in both circuits explaining the high
prevalence of anxiety in Parkinson’s disease and the
motor, behavioral, and cognitive symptoms associated.’
Further studies are needed to better understand the
pathophysiology of this symptom.
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