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ABSTRACT

Introduction: Pain in Parkinson’s disease is
poorly understood, and most patients with pain
do not respond to dopaminergic drugs. We
aimed to explore the mechanisms of dopa-re-
sponsive and -unresponsive pain by comparing
such patients against patients without pain in
terms of neural activity and functional con-
nectivity in the brain.
Methods: We prospectively examined 31
Parkinson’s patients with dopa-responsive pain,
51 with dopa-unresponsive pain and 93 without

pain using resting-state functional magnetic
resonance imaging. Neural activity was assessed
in terms of the amplitude of low-frequency
fluctuation, while functional connectivity was
assessed based on analysis of regions of interest.
Results: Patients with dopa-unresponsive pain
showed significantly higher amplitude of low-
frequency fluctuation in the right parahip-
pocampal/lingual region than patients with no
pain. However, there was no amplitude differ-
ence between the dopa-responsive pain group
and the no pain group. Patients with dopa-un-
responsive pain also differed significantly from
patients with no pain in their functional con-
nections between the superior temporal gyrus
and other areas of cerebral cortex, between
amygdala and thalamus and between the
amygdala and putamen. Patients with dopa-re-
sponsive pain differed significantly from
patients with no pain in their functional con-
nections between temporal fusiform cortex and
cerebellum, between precentral gyrus and tem-
poral fusiform cortex and between precentral
gyrus and cerebellum.
Conclusions: Regional neural activity and
functional connectivity in the brain differ sub-
stantially among Parkinson’s patients with
dopa-unresponsive pain, dopa-responsive pain
or no pain. Our results suggest that dopa-re-
sponsive and -unresponsive pain may arise
through different mechanisms, which may help
guide the development of targeted therapies.
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Key Summary Points

1. Dopa-unresponsive pain in Parkinson’s
disease is associated with significantly
higher neural activity in the right
parahippocampal/lingual region.

2. Patients with dopa-responsive pain
show similar regional neural activity as
patients without pain.

3. Dopa-unresponsive pain in Parkinson’s
appears to involve different alterations in
functional connectivity than dopa-
responsive pain.

INTRODUCTION

Pain is a common non-motor symptom of
Parkinson’s disease (PD) occurring in 40–85% of
patients, and its incidence increases with dis-
ease progression [1, 2]. Pain influences quality
of life more than motor symptoms [2]. Poor
understanding of how pain arises in PD means
that it is usually treated inadequately. While
pain in some patients can be significantly alle-
viated through dopaminergic medication [3, 4],
many patients do not respond to such therapy.

Neuroimaging studies make clear that PD
involves alterations in pain perception and
processing. In a positive emission tomography
study, pain-free PD patients showed greater
activation than healthy controls in ipsilateral
insular and prefrontal cortex as well as con-
tralateral anterior cingulate cortex in response
to noxious cold stimuli [5]. Conversely, early
untreated PD patients without pain showed
significantly lower activation of the superior
temporal gyrus (STG) and insula than controls
based on functional magnetic resonance imag-
ing (fMRI) [6]. In addition, patients subjected to
heat stimulus also showed reduced connectivity
between the basal ganglia and the salience
network, mainly in the bilateral insulae and

anterior cingulate gyri [7]. A resting-state fMRI
study found that persistent pain in PD was
associated with lower activity in the left frontal
inferior orbital, greater bilateral activity in the
cerebellum and right inferior temporal area as
well as disconnection between the accumbens
and hippocampus [8]. In contrast, patients with
persistent pain did not show alterations in
white matter or subcortex compared to patients
without persistent pain.

We hypothesized that the supraspinal
mechanisms for generating and maintaining
pain in PD may differ between dopa-responsive
and -unresponsive pain. To test this hypothesis,
we used resting-state fMRI to explore the brain
regions affected by each type of pain, based on
comparisons with patients without pain.

METHODS

Participants

In this prospective study, we recruited 236
patients at the Department of Neurology of
Henan Provincial People’s Hospital (Zhengz-
hou, China) between February 2019 and Jan-
uary 2020 based on the following inclusion
criteria: (1) clinically established PD according
to the Movement Disorder Society Clini-
cal Diagnostic Criteria for PD [9]; (2) no history
of PD in first-degree relatives; (3) no MRI evi-
dence of structural lesions related to other
neurological disorders; (4) no head movement
artifacts during MRI; (5) no dementia based on
the Mini-Mental State Examination, after
adjusting for age and education level [10].

Patients were excluded if they presented any
of the following: (1) pain before PD onset; (2)
pain that could be attributed to causes other
than PD, such as Cox and gonarthrosis, ortho-
pedic shoulder pain, spinal arthropathy osteo-
porosis, rheumatic immune disease, malignant
tumor, infection or diabetes; (3) previous his-
tory of nervous system surgery; (4) severe psy-
chosis or psychological diseases that might
hinder pain perception or self-report; or (5) pain
that lasted\1 month.

This study was approved by the Ethics
Committee of Henan Provincial People’s
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Hospital, and procedures were performed
according to the Declaration of Helsinki. Writ-
ten informed consent was obtained from each
individual.

Clinical Assessment

Patients underwent clinical assessments and
fMRI during the on-medication phase. Exam-
ining patients by MRI during the off-medication
phase is extremely challenging because their
motor symptoms, especially tremor, are aggra-
vated, which interferes with fMRI scanning.
Another advantage of studying patients while
on medication is that the potential confound-
ing effects of depression, anxiety and cognitive
impairment may be reduced [11].

PD severity was assessed using Part III of the
Movement Disorder Society Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS-III) [12].
Anxiety and depression were assessed using,
respectively, the Hamilton Anxiety Scale
(HAMA) [13] and Hamilton Depression Scale
(HAMD) [14]. Pain was measured solely
according to the patient’s subjective assessment
[3, 4]. Patients were divided into those who
reported no pain, those who had dopa-responsive
pain if they reported that their pain was allevi-
ated by dopaminergic medication or those with
dopa-unresponsive pain if they reported no alle-
viation of pain with dopaminergic medication.
Patients were asked to recall pain severity dur-
ing the previous month using a visual analogue
scale (VAS) [15]; patients with dopa-responsive
pain were also asked to recall their maximal VAS
score during the off-medication phase.

Resting-state fMRI

Images were acquired using a Siemens MAG-
NETOM Prisma 3-T scanner with a 64-channel
head coil. Patients were asked to lie still, relax
and keep their eyes open throughout the scan-
ning. Functional images were obtained using
axial echo-planar imaging with the following
parameters: TR = 2000 ms, TE = 35 ms, flip
angle = 80�, FOV = 240 9 240 mm, matrix
size = 94 9 94, voxel dimensions
2.20 9 2.20 9 2.20 mm, slice

thickness = 2.2 mm, number of slices = 75 and
number of time points = 180.

Images were preprocessed and analyzed
using Statistical Parametric Mapping version
12b (SPM12b; www.fil.ion.ucl.ac.uk/spm) and
the CONN functional connectivity toolbox
version 18_b [16] (http://www.nitrc.org/
projects/conn). Images were preprocessed
through the following steps [16, 17]: (1) func-
tional slice-timing correction, (2) functional
realignment and unwarping (subject motion
estimation and correction), (3) functional out-
lier detection (artifact detection to identify
outlier scans for scrubbing, www.nitrc.org/
projects/artifact_detect/), (4) structural center-
ing to (0,0,0) (translation), (5) functional direct
normalization based on the Montreal Neuro-
logical Institute space and (8) functional
smoothing (spatial convolution with a Gaussian
kernel). Functional images were resliced at a
resolution of 2 9 2 9 2 mm3 and smoothed
using a Gaussian kernel (full width at half
maximum, 8 mm). Subjects were excluded if
their head motion exceeded 2 mm in displace-
ment or 2� in rotation. In the denoising step,
white matter, cerebrospinal fluid and head
motion outliers were regressed. Low-frequency
drift and high-frequency physiological noise
were removed using bandpass filtering
(0.01\ frequency\ 0.08 Hz), while systematic
shifts were removed using detrending.

First-level analysis of the CONN pipeline was
conducted to generate individual amplitude of
low-frequency fluctuation (ALFF) maps to eval-
uate regional neural activity [18]. Data were
standardized across subjects by dividing the
ALFF of each voxel by the global mean ALFF for
all patients using the DPABI toolbox version 4.0
[19].

To evaluate functional connectivity in the
brain, we analyzed activity among 132 regions
of interest (ROIs), comprising 91 cortical and 15
subcortical ROIs from the FSL Harvard-Oxford
Atlas [20], as well as 26 cerebellar ROIs from the
Anatomical Automatic Labeling Atlas [21]. We
defined 132 ROIs to take full advantage of the
data available in the FSL Harvard-Oxford Atlas
and Anatomical Automatic Labeling Atlas,
thereby reducing the possibility that we might
miss important differences. Potential
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correlations were obtained by applying a gen-
eral linear model and bivariate correlation
analysis weighted according to the hemody-
namic response function based on first-level
analysis of the CONN pipeline [16].

Statistical Analysis

Differences in clinicodemographic characteris-
tics across the three groups were assessed for
significance using one-way analysis of variance.
Statistical analyses were performed using the
Statistical Package for Social Sciences (SPSS) for
Windows (version 22.0; SPSS, Chicago, IL, USA).
Differences were considered significant if they
were associated with p\0.05.

To evaluate differences in regional neural
activity between the no pain group and each of
the other two groups, we analyzed ALFF from
the individual standardized ALFF maps using
the software package SPM12b. Age, sex and PD
duration were entered as covariates to exclude
their potential influence on ALFF. The signifi-
cance threshold was defined as an uncorrected
p = 0.001 at the initial voxel level and as a false
discovery rate-adjusted p = 0.05 at the cluster
level to correct for multiple comparisons. Pear-
son correlation analysis was performed to
explore potential relationships between neu-
roimaging findings and clinical characteristics.

To evaluate changes in ROI-to-ROI func-
tional connectivity between the no pain group
and each of the other two groups, differences
from the second-level analysis of the CONN
pipeline were assessed using two-samples t tests
[16]. The significance threshold was defined as a
false discovery rate-adjusted p = 0.05 at the seed
level to correct for multiple comparisons.

RESULTS

Clinicodemographic Features

Of the 236 patients initially recruited, 61 were
excluded and 175 were included in the final
analysis, comprising 31 with dopa-responsive
pain, 51 with dopa-unresponsive pain and 93
with no pain. PD patients had a long mean PD

duration (6.6 ± 4.2 years). The three groups did
not differ significantly in age, sex, age at PD
onset, disease duration or UPDRS Part III score
(Table 1). None of the patients reported using
painkillers. Two patients reported using the
antidepressants, one used sertraline, while the
other used paroxetine.

The three groups differed significantly in
HAMD or HAMA scores (Table 1). The dopa-re-
sponsive pain group reported a high VAS score
of 6.0 ± 1.8 without medication and VAS score
of 2.3 ± 2.0 during medication. Among those
patients, 16 reported pain in the limbs; 8, pain
in the trunk; and 7, pain in the limbs and trunk.
The dopa-unresponsive pain group reported a
VAS score of 4.1 ± 1.9. Among those patients,
23 reported pain in the limbs; 20, pain in the
trunk; and 8, pain in the limbs and trunk.

Regional Spontaneous Brain Activity

After adjusting for the effects of age, sex and
disease duration, the dopa-unresponsive pain
group showed significantly higher ALFF in the
right parahippocampal/lingual gyrus than the
no pain group [Montreal Neurological Institute
coordinates (18 –34 –8); cluster size, 167 voxels;
peak t value, 4.838; Fig. 1A]. No significant ALFF
differences were identified between the dopa-
responsive pain group and the no pain group.
Among patients with dopa-unresponsive pain,
ALFF in the right parahippocampal/lingual
gyrus positively correlated with VAS score
(R = 0.321, P = 0.022; Fig. 1B).

Functional Connectivity

The dopa-responsive pain group showed signif-
icantly stronger resting-state functional con-
nections than the no pain group between the
left temporal fusiform cortex (TFusC_l) and
vermis_1_2 and vermis_3, between the left pre-
central gyrus (PreCG_l) and vermis_4_5, and
between the vermis_1_2 and right cerebellum_6
(Table 2, Fig. 2A). Conversely, the dopa-re-
sponsive pain group showed significantly
weaker functional connections than the no
pain group between PreCG_l and the TFusC_l
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and between PreCG_l and right temporal fusi-
form cortex (TFusC_r) (Table 2, Fig. 2A).

In contrast, the dopa-unresponsive pain
group did not show significant connectivity

Table 1 Clinicodemographic characteristics of PD patients stratified by pain type

Characteristic Dopa-responsive pain Dopa-unresponsive pain No pain P

N 31 51 93 –

Male 19(61.3) 27(52.9) 61(65.6) 0.330

Age at fMRI scan, years 60.4 ± 7.9 62.9 ± 6.8 62.2 ± 6.6 0.267

Age at PD onset, years 53.7 ± 7.9 55.7 ± 7.3 55.9 ± 7.8 0.388

PD duration, years 6.6 ± 3.5 7.2 ± 4.3 6.2 ± 4.4 0.413

MDS-UPDRS scores

Part III 40.0 ± 14.8 40.2 ± 16.9 39.8 ± 19.5 0.992

Pain and other sensations 2.0 ± 0.8 1.6 ± 0.7 0 –

HAMD score 12.5 ± 5.9 13.0 ± 5.4 10.5 ± 5.7 0.027

HAMA score 12.9 ± 7.1 13.9 ± 6.5 10.2 ± 6.3 0.003

Values are n, n (%) or mean ± SD, unless otherwise noted
Abbreviations: fMRI, functional magnetic resonance imaging; HAMA, Hamilton Anxiety Scale; HAMD, Hamilton
Depression Scale; MDS-UPDRS, Movement Disorder Society Unified Parkinson’s Disease Rating Scale; PD, Parkinson’s
disease

Fig. 1 a Resting-state fMRI image of the brain showing
greater amplitude of low-frequency fluctuation (ALFF) in
the dopa-unresponsive pain group than in the no pain
group in the parahippocampal/lingual_R region. b Corre-
lation between pain intensity on the visual analogue scale

(VAS) among patients with dopa-unresponsive pain and
amplitude of low-frequency fluctuation (ALFF) in their
parahippocampal/lingual_R region. L left, MNI Montreal
Neurological Institute, R right
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differences from the no pain group among the
abovementioned ROIs. Instead, the dopa-unre-
sponsive pain group showed significantly
stronger connections than the no pain group
between the left superior temporal gyrus
(STG_l) on one hand and Vermis_6, left occipi-
tal fusiform gyrus (OFusG_l) and right superior
parietal lobule (SPL_r) on the other (Table 3,
Fig. 2B). Conversely, the dopa-unresponsive
pain group showed significantly weaker con-
nections of the STG_l with the left middle
temporal gyrus (MTG_l), right middle temporal
gyrus (MTG_r), right angular gyrus (AG_r) and
right superior frontal gyrus (SFG_r); of the right
amygdala with the right thalamus, right puta-
men and left thalamus; between the right tha-
lamus and the right inferior temporal gyrus
(ITG_r); as well as between the ITG_r and right
superior temporal gyrus (STG_r) (Table 3,
Fig. 2B). Functional connectivity among the
abovementioned ROIs did not differ signifi-
cantly between the dopa-responsive pain group
and the no pain group.

DISCUSSION

Our resting-state fMRI study suggests that dopa-
unresponsive pain in PD is associated with

significantly higher ALFF in the parahip-
pocampal/lingual_R region and that the ALFF in
this region may be associated with the severity
of dopa-unresponsive pain. In addition, dopa-
unresponsive pain in PD may be associated with
altered functional connectivity between the
STG and other cortical areas, between the
amygdala and thalamus and between the
amygdala and putamen. Such connectivity
changes were not observed in PD patients with
dopa-responsive pain. These findings may help
explain why the pain in many PD patients does
not respond to dopaminergic treatment, and
they may help guide efforts to individualize
pain treatments in PD.

Our study found higher ALFF in the right
parahippocampal gyrus in the dopa-unrespon-
sive pain group than in the no pain group.
Similarly, acute eye pain patients showed
higher ALFF in the right parahippocampal gyrus
than healthy controls [22], as did patients with
chronic low back pain following painful move-
ment and individuals experiencing pricking
pain [23, 24]. The parahippocampal gyrus, part
of the limbic system, plays a critical role in
memory and emotions [25], and its activity
correlates with negative emotions [26]. Negative
emotions can cause new pain or exacerbate
existing pain, while pain itself can cause nega-
tive emotions [27]. These studies support our
findings that activity in the parahippocampal
gyrus correlates with dopa-unresponsive pain.

We found higher spontaneous activity in the
lingual gyrus adjacent to the right parahip-
pocampal gyrus in patients with dopa-unre-
sponsive pain than in those with no pain.
Similarly, toothache patients showed notably
higher ALFF in the right lingual gyrus than
healthy controls [28], as did individuals expe-
riencing other types of dental stimulation [29].
PD patients with persistent pain show greater
neural activity in the inferior temporary areas of
the right lingual gyrus than patients without
pain [8], which is consistent with our findings.
These results suggest that activity in the lingual
gyrus is associated with pain in PD.

Taken together, our analyses of ALFF suggest
that dopa-unresponsive pain in PD involves
activation of right lingual gyrus and parahip-
pocampal gyrus. In fact, we found a positive

Table 2 Differences in brain functional connectivity
between PD patients with dopa-responsive pain and
patients with no pain

Connection T-value FDR-adjusted p

aTFusC_l—PreCG_l – 3.94 0.018*

aTFusC_l—Vermis_1_2 3.54 0.025*

aTFusC_l—Vermis_3 3.53 0.025*

PreCG_l—Vermis_4_5 3.49 0.040*

PreCG_l—aTFusC_r – 3.4 0.040*

Vermis_1_2—Cereb_6_r 3.48 0.046*

Abbreviations: PD, Parkinson’s disease; aTFusC, anterior
division of temporal fusiform cortex; Cereb_6, cerebel-
lum_6; FDR, false discovery rate; PreCG, precentral gyrus;
l, left; r, right
*Significant difference
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correlation between neural activity in the right
parahippocampal/lingual gyrus and severity of
dopa-unresponsive pain. Our findings are con-
sistent with the idea that dopa-unresponsive
pain arises through mechanisms similar to
those of other types of pain, whereas dopa-re-
sponsive pain may arise through a different
mechanism. Specifically, we found that patients
with dopa-unresponsive pain, but not those
with dopa-responsive pain, showed signifi-
cantly altered functional connectivity between
the STG and other areas of cerebral cortex,
between the amygdala and thalamus, and
between the amygdala and putamen.

The STG has largely been ignored in pain
imaging studies, likely in part because the link
between STG function and pain is not obvious.
The STG has traditionally been linked to audi-
tory processing, language and social cognition.
However, subjecting PD patients to heat stimuli
inhibits the STG, implicating the STG in the
processing of pain-related unpleasantness [6].
Other work has linked the STG to memories of
pain [30]. The amygdala, part of the limbic area,
plays a key role in emotional responses, affec-
tive states and disorders such as learned fear,
anxiety and depression. The amygdala has also
emerged as an important brain center for the

Fig. 2 Functional connectivity analysis of PD patients.
a Compared to the no pain group, the dopa-responsive
pain group showed significantly stronger functional con-
nections of the TFusC_l with vermis_1_2 and vermis_3,
between the PreCG_l and vermis_4_5 and between
vermis_1_2 and the right cerebellum_6. Conversely, the
dopa-responsive pain group showed significantly weaker
functional connections of the PreCG_l with the TFusC_l
and TFusC_r (p-FDR\ 0.05 at seed level). b Compared
to the no pain group, the dopa-unresponsive pain group
showed significantly stronger functional connections of the
STG_l with Vermis_6, left OFusG_l and right SPL_r.
Conversely, the dopa-unresponsive pain group showed
significantly weaker functional connections of the STG_l
with MTG_l, MTG_r, AG_r and SFG_r; of the right

amygdala with the right thalamus, right putamen and left
thalamus; between the right thalamus and ITG_r and
between the ITG_r and STG_r (p-FDR\ 0.05 at seed
level). Red indicates enhanced function connection; blue,
weakened functional connection. Abbreviations: AG angu-
lar gyrus, aITG anterior division of the inferior temporal
gyrus, aSTG anterior division of the superior temporal
gyrus, aTFusC anterior division of the temporal fusiform
cortex, l left, OFusG occipital fusiform gyrus, pMTG
posterior division of the middle temporal gyrus, PreCG
precentral gyrus, pSTG posterior division of the superior
temporal gyrus, r right, SFG, superior frontal gyrus, SPL
superior parietal lobule, toITG temporo-occipital part of
the inferior temporal gyrus
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emotional-affective dimension of pain [31]. The
putamen is involved in sensory components of
pain-related processes, beyond its well-estab-
lished role in motor processes [32]. The thala-
mus is an important structure that, in healthy
individuals, mediates the sensory discriminative
component of pain (lateral pain pathway), the
affective-motivational component of pain (me-
dial pain pathway) [33] and the thermal pain
threshold [34]. The subthalamic nucleus is a key
structure in pain perception and modulation,
and deep brain stimulation of the nucleus can

treat pain in PD [35]. Our dopa-unresponsive
pain group showed significantly altered func-
tional connections between the STG and other
areas of the cerebral cortex, between the
amygdala and thalamus and between the
amygdala and putamen. Several previous stud-
ies of PD patients have also indicated abnor-
malities in pain-related networks in the brain.
One study reported that PD patients with per-
sistent pain showed disrupted connectivity
between the accumbens and hippocampus, as
well as lower activity in the left frontal inferior
orbital and greater bilateral cerebellar activity
[8]. Our failure to identify exactly these abnor-
malities in our patients may reflect differences
in the patient samples and statistical methods.
An fMRI study showed lower ‘‘betweenness
centrality’’ in pain networks in off-medication
PD patients than in healthy controls [36]. A
study of patients with early-stage PD stimulated
by laser with lower energy showed abnormal
activation patterns in the central pain matrix
[37]. Our finding that the dopa-responsive pain
group did not show altered functional connec-
tivity in these brain regions strongly suggests
different mechanisms for dopa-responsive and -
unresponsive pain in PD.

Loss of nigrostriatal dopamine cells in PD
causes a gradient of striatal dopamine deple-
tion, leading to imbalance between direct (fa-
cilitatory) and indirect (inhibitory) pathways in
the basal ganglia, ultimately resulting in
bradykinesia [38]. These pathological changes
co-occur with compensatory alterations, such as
an increase in activity in more anterior corti-
costriatal circuits as well as increased connec-
tivity to cortical regions normally weakly
connected to the basal ganglia [39]. Dopamin-
ergic drugs can affect activity in the cerebral
cortex, such as by increasing connectivity
between the prefrontal cortex and the supple-
mentary motor area [39], which correlates with
improved finger-tapping speed in PD patients.
Dopaminergic medication can also reduce
activity in the precentral gyrus and cerebellum
of PD patients [40], while L-dopa has been
shown to activate the TFusC [41]. We found
that the dopa-responsive pain group, but not
the dopa-unresponsive pain group, showed sig-
nificantly altered resting-state functional

Table 3 Differences in brain functional connectivity
between PD patients with dopa-unresponsive pain and
patients with no pain

Connection T-Value p-FDR

aSTG_l—Vermis_6 4.01 0.013*

aSTG_l—OFusG_l 3.82 0.013*

aSTG_l—SPL_r 3.47 0.025*

aSTG_l—pMTG_l – 3.39 0.025*

aSTG_l—pMTG_r – 3.33 0.025*

aSTG_l—aMTG_r – 3.32 0.025*

Amygdala_r—Thalamus_r – 3.36 0.028*

Amygdala_r—Putamen_r – 3.61 0.028*

Amygdala_r—Thalamus_l – 3.43 0.034*

Thalamus_r—toITG_r – 3.7 0.026*

aITG_r—pSTG_r – 3.71 0.039*

pSTG_l—AG_r – 3.57 0.041*

pSTG_l—pMTG_r – 3.36 0.041*

pSTG_l—SFG_r – 3.34 0.041*

pSTG_l—pMTG_l – 3.29 0.041*

Abbreviations: AG, angular gyrus; aITG, anterior division
of the inferior temporal gyrus; aSTG, anterior division of
the superior temporal gyrus; l, left; OFusG, occipital fusi-
form gyrus; PD, Parkinson’s disease; pMTG, posterior
division of the middle temporal gyrus; r, right; SFG,
superior frontal gyrus; SPL, superior parietal lobule; pSTG,
posterior division of the superior temporal gyrus; toITG,
temporo-occipital part of the inferior temporal gyrus
*Significant difference
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connections between the TFusC and cerebel-
lum, between the PreCG and TFusC and
between the PreCG and cerebellum. Thus, we
hypothesize that dopa-responsive pain in PD is
associated with abnormal functional connec-
tivity involving these brain regions. This would
in turn help explain why dopaminergic drugs
are effective against such pain.

There are a number of limitations to our
study. First, our limited sample prevented us
from classifying PD patients into the five tradi-
tional categories based on type of pain: mus-
culoskeletal, radicular or neuropathic, dystonia-
related, akathitic discomfort or primary (cen-
tral) parkinsonian pain [42]. Therefore, the
generalizability of our findings to various PD
subpopulations remains to be determined. Sec-
ond, we cannot exclude that the pain in some
of our patients might have had causes other
than PD, even though we were careful to
include patients whose pain began after PD
onset or whose pain could clearly be attributed
to other conditions. Third, we cannot exclude
that some patients whom we classified as hav-
ing dopa-unresponsive pain may have respon-
ded if higher doses of medication had been
used. We consider this less likely, given that our
patients had a long mean PD duration
(6.6 ± 4.2 years), and their response or non-re-
sponse to dopaminergic drugs was established
over a long period of time, during which dif-
ferent doses may have been tested. Fourth, we
were careful to conduct fMRI when our patients
were in the ‘‘on’’ state to reduce confounding
effects due to motor symptoms, depression,
anxiety and cognitive impairment [11]. At the
same time, such medication may have influ-
enced our fMRI analysis. Indeed, it may explain
the lack of significant differences in ALFF
between patients with dopa-responsive pain
and patients without pain. Nevertheless, our
patients with dopa-responsive pain reported
appreciable pain during medication (VAS score,
2.3 ± 2.0), and we still detected significant dif-
ferences in functional connectivity compared to
patients reporting no pain. Last, we highlight
the fact that we did not compare brain structure
between patient groups in our study, which
future studies should examine.

CONCLUSIONS

Our study provides the first fMRI evidence of
differences in regional neural activity and
functional connectivity in the brain between
Parkinson’s patients with dopa-unresponsive or
-responsive pain and patients without such
pain. Dopa-unresponsive pain appears to
involve similar mechanisms such as chronic
lower back pain and toothache; dopa-respon-
sive pain appears to involve brain regions
known to be affected by dopaminergic medica-
tion. Our results strongly suggest that the two
types of PD-associated pain arise through dif-
ferent mechanisms, which may help guide the
development of targeted therapies.
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