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Abstract

Objective Patients with Parkinson’s disease (PD) may exhibit
symptoms of sympathetic dysfunction that can be measured
using '**I-metaiodobenzylguanidine (MIBG) myocardial
scintigraphy. We investigated the relationship between micro-
structural brain changes and '*’I-MIBG uptake in patients
with PD using voxel-based morphometry (VBM) and diffu-
sion tensor imaging (DTI) analyses.

Methods This retrospective study included 24 patients with
PD who underwent 3 T magnetic resonance imaging and
'2[.MIBG scintigraphy. They were divided into two groups:
12 MIBG-positive and 12 MIBG-negative cases (10 men and
14 women; age range: 60—81 years, corrected for gender and
age). The heart/mediastinum count (H/M) ratio was calculated
on anterior planar '**I-MIBG images obtained 4 h post-injec-
tion. VBM and DTI were performed to detect structural dif-
ferences between these two groups.

Results Patients with low H/M ratio had significantly reduced
brain volume at the right inferior frontal gyrus (uncorrected
p<0.0001, K >90). Patients with low H/M ratios also exhib-
ited significantly lower fractional anisotropy than those with
high H/M ratios (p < 0.05) at the left anterior thalamic radia-
tion, the left inferior fronto-occipital fasciculus, the left supe-
rior longitudinal fasciculus, and the left uncinate fasciculus.
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Conclusions VBM and DTI may reveal microstructural

changes related to the degree of '**I-MIBG uptake in patients

with PD.

Key Points

* Advanced MRI methods may detect brain damage more
precisely.

* Voxel-based morphometry can detect grey matter changes in
Parkinson’s disease.

* Diffusion tensor imaging can detect white matter changes in
Parkinson’s disease.
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Abbreviations

DTI Diffusion tensor imaging
FA Fractional anisotropy
HM Heart/mediastinum

MD Mean diffusivity

MIBG '*I-metaiodobenzylguanidine
MSA  Multiple system atrophy

PD Parkinson’s disease

VBM  Voxel-based morphometry
Introduction

Parkinson’s disease (PD) is a chronic, progressive, and degen-
erative neurological disorder, representing the second most
frequent neurodegenerative condition, following Alzheimer’s
disease [1]. PD is clinically characterised by motor symptoms
collectively referred to as parkinsonism. The primary
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manifestations include resting tremor, slowness when initiat-
ing movement, rigidity, and general postural instability [2].
Other non-motor symptoms are also present, such as
dysautonomia, cognitive impairment, depression, and olfacto-
ry dysfunction [3].

In clinical settings, '**I-metaiodobenzylguanidine (MIBG)
myocardial scintigraphy is used to estimate local myocardial
sympathetic nerve damage in a few forms of heart disease [4],
autonomic nerve disturbance in diabetic neuropathy [5], and
disturbance of the autonomic nervous system in neurodegen-
erative diseases [6, 7]. Decreased cardiac uptake of '**I-MIBG
has been reported in the early stages of PD, which suggests
involvement of the cardiac sympathetic nerve in the early
pathogenesis of PD [8]. A recent study revealed that reduced
cardiac uptake of '*’I-MIBG suggests cardiac sympathetic
denervation and the severity of the accumulation of Lewy
bodies. Furthermore, this finding suggested that degeneration
of the cardiac sympathetic nerve begins early in the disease
process and it occurs before neuronal cell loss in the dorsal
vagal nucleus [9].

Conventional magnetic resonance imaging (MRI) usually
shows normal features in patients with PD, even in those with
long disease duration [10]. Therefore, the essential role of
MRI is to exclude secondary causes of the vascular symptoms.
Its other role is to assure the absence of specific imaging
features found in atypical parkinsonism, such as the hot-
cross sign in multiple system atrophy (MSA) [11].

Several advanced MRI techniques can provide quantitative
measures of microstructural integrity or morphometric chang-
es in vivo, thus helping detect subtle alterations that are not
evident with conventional MRI [10]. A previous study of T2-
weighted relaxometry has shown differences in the amount of
iron deposits in the basal ganglia between patients and control
participants [12]. However, there was a large overlap between
the two groups, which limited the conclusions on the diagnos-
tic usefulness of this technique [12]. More recently, voxel-
based analysis morphometry (VBM) [13] and diffusion tensor
imaging (DTT) [10, 14] have been applied in patients with PD.
In VBM analysis, patients with PD showed reduce grey matter
volume in the frontal lobe compared to control subjects [13].
In addition, diffusional abnormalities of the frontal white mat-
ter have been consistently observed in DTI studies involving
patients with PD [15, 16]. Although there are a few previous
reports investigating microstructural brain changes between
PD patients and healthy controls, only a few reports have
revealed the alterations in PD patients with sympathetic dys-
function based on '**I-MIBG uptake [17]. As stated previous-
ly, degeneration of the cardiac sympathetic nerve begins early
in the process of PD and that it suggests the severity of the
accumulation of Lewy bodies. Therefore, the purpose of this
study was to investigate the relationship between microstruc-
tural brain changes and I2.MIBG uptake in PD patients
using VBM and DTT analyses.
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Materials and methods
Patients

This cross-sectional study was approved by our institutional
review boards, and written informed consent was waived.
From July 2011 to September 2015, a total of 290 consecutive
patients with PD underwent MRI in our institution. All pa-
tients were diagnosed with PD by one of two neurologists
(H.Y. and J.K.) according to Movement Disorder Society
(MDS) clinical diagnostic criteria for PD [18]. Seventeen pa-
tients were excluded because they had been finally diagnosed
with progressive supranuclear palsy (n=6), MSA (n=4),
corticobasal degeneration (n=1), and dementia with Lewy
bodies (= 6); 249 patients who previously underwent '*’I-
MIBG scintigraphy at another institute or who did not require
123].MIBG scintigraphy as per the clinical decision were also
excluded. Finally, 24 patients with PD who underwent both
MRI and '*’I-MIBG (10 men, 14 women; age range: 60 to
81 years; median age: 67 years) were evaluated. A flow dia-
gram of the study patients is shown in Fig. 1. Disease stage
was classified according to the Hoehn and Yahr scale [19] as
follows: stage [, six patients; stage II, 10 patients; and stage I1I,
eight patients. Duration of PD from onset ranged from 1 to
6 years (median: 2.2 years). Ten patients exhibited dominant
laterality of symptoms on the right side, while 14 patients
exhibited that on the left side. All patients underwent evalua-
tion using the Mini-Mental State Examination (MMSE; score
range: 23-30, median score: 29). Eleven patients presented
with dysautonomia. All patients were treated with levodopa

Potentially
eligible patients

(n = 290)

Exclude (n =17)
(PSP; n=6,
MSA-P; n =4,
CBD;n =1,
DLB; n=6)

Exclude (n = 249)
123-.MIBG scintigraphy
was not performed

Patients with PD
scanned both MRl and
MIBG scintigraphy

(n =24)

Fig. 1 Flow diagram of patients. Abbreviations; PSP: progressive
supranuclear palsy, MSA-P; multiple system atrophy with predominant
parkinsonism, CBD; corticobasal degeneration, DLB; dementia with
Lewy bodies
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and a dopamine decarboxylase inhibitor at the time of imaging
and clinical examination.

MRI

All MR images were obtained using a 3.0-T system (Achieva;
Philips Healthcare, Best, Netherlands) equipped with an eight-
channel head coil for sensitivity-encoding parallel imaging.
For VBM analysis, high-resolution T1-weighted anatomical
images were obtained in the sagittal plane using a
magnetisation-prepared rapid gradient-echo sequence
(MPRAGE). The sequence parameters were as follows: repe-
tition time (TR), 8.2 ms; echo time (TE), 3.8 ms; inversion
time (TT), 1026 ms; flip angle, 8°; field of view (FOV), 240 x
240 mm?; acquisition matrix, 240 x 240; slice thickness,
1 mm; number of slices, 190; and acquisition time, 5 min
20 s. For DTT analysis, spin-echo echo planar images were
obtained along 15 diffusion gradient directions and with 2
values of b (0 and 800 s/mm?). The sequence parameters were
as follows: TR/TE, 6000/70 ms; FOV, 230 x 230 mm?; ma-
trix, 128 x 96; slice thickness, 2.5 mm; number of slices, 50;
and acquisition time, 3 min 51 s.

123 MIBG scintigraphy

Patients were injected with '**I-MIBG (111 MBq) intrave-
nously while in the upright position. Single-photon emission
computed tomographic (SPECT) images were acquired
15 min after the injection and repeated 4 h later. Anterior
and lateral planar images were acquired immediately after
each SPECT acquisition. SPECT imaging was performed with
a dual-head rotating gamma camera (Infinia Hawkeye, GE
Medical Systems, Waukesha, WI, USA) equipped with a
low-energy, general-purpose collimator. Images were ac-
quired for 35 s each in 60 steps over a 360° orbit and were
recorded at a digital resolution of 64 x 64 pixels. A 20% en-
ergy window centred on 159 keV was used. The heart/
mediastinum count (H/M) ratio was determined from early
and delayed anterior planar '*I-MIBG images, where H was
the mean count/pixel in the left ventricle, and M was the mean
count/pixel in the upper mediastinum. The delayed H/M ratio
was used as an estimate of cardiac sympathetic activity. The
normal value of the H/M ratio in our hospital from healthy
volunteers is 2.00 in the late phase. This value was applied for
the division of patients into two groups [20].

Image analysis
VBM
We evaluated 3D Tl-weighted imaging data for group-

specific regional atrophy by means of VBM, employing an
algorithm called “Diffeomorphic Anatomical Registration

Using Exponentiated Lie Algebra” (DARTEL) [21] imple-
mented in the open source software package SPM12 (http:/
www.fil.ion.ucl.ac.uk/spm/), running in the MATLAB
programming environment (R2013a; MathWorks, Natick,
MA, USA). Individual images were segmented into grey
matter, white matter, and cerebrospinal fluid maps. Next,
roughly aligned isotropic (1.0 x 1.0 x 1.0 mm®) GM images
were obtained such that the images could be imported for
subsequent non-linear registration based on an algorithm re-
ferred to as DARTEL [21]. A group-specific grey matter tem-
plate was generated and registered with Montreal
Neurological Institute (MNI) standard space. Individual data
were co-registered accordingly and smoothed with an 8-mm
Gaussian kernel. After global correction for inter-individual
total brain volume differences, voxel-wise group statistics
were analysed in a whole-brain analysis.

D1T

DTI was performed with TBSS [21] implemented in FMRIB
Software Library 4.1.5 (FSL, Oxford Centre for Functional
MRI of the Brain, UK; www.fmrib.ox.ac.uk/fsl). For DTI
images, after eddy current correction and brain extraction,
fractional anisotropy (FA) maps were computed for all partic-
ipants. FA data were then analysed via tract-based spatial sta-
tistics (TBSS) [22] (FMRIB Image Analysis Group, Oxford,
UK [23]) in the following four steps: identification of a com-
mon registration target and alignment of FA images of all
participants to this target; creation of the mean of all aligned
FA images and of a skeletonised mean FA image for the
threshold; generation of individual FA skeletons by searching
and projecting the maximum FA value along the direction
perpendicular to the mean FA skeleton, with the same projec-
tions applied to mean diffusivity (MD) for the generation of
the corresponding skeletons; and voxel wise statistical analy-
sis of tensor-derived parameters, such as FA and MD, within
the skeleton-space. This pipeline was used to analyse both FA
and MD images using the FSL tool “randomise”, with 5000
permutations. Any regions on the skeleton showing signifi-
cant clusters were localised using the “John Hopkins
University [CBM-DTI-81 White Matter Labels” and “John
Hopkins University White Matter Tractography” atlases in
FSL [24].

Statistical analysis

Patients were divided into two groups according to '**I-MIBG
uptake: high-MIGB uptake and low-MIBG uptake (MIBGy
and MIBGy ). We applied a cut-off value of 2.00 for the heart/
mediastinum (H/M) ratio calculated using MIBG scintigraphy
[20]. The demographic characteristics of the participants are
shown in Table 1.
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Table 1 Demographic

characteristics of patients MIBGy (n=12) MIBG, (n=12) p value
Gender, male/female 5/7 5/7 NS
Age (mean, SD) 66.8,4.9 67.4,6.1 NS
Hoehn-Yahr stage: 1/2/3 3/72 3/3/6 NS
Duration from onset (years) 1,13 2,19 NS
Dominant side of symptom laterality: R/L 7/5 3/9 NS
MMSE 285,19 29,24 NS
Presence of dysautonomia 4 7 NS
125.MIBG uptake (H/M ratio) 2.66,0.4 1.52,0.2 NA

Abbreviations: MIBGy; high MIBG uptake group, MIBGy ; low MIBG uptake group, NS; not significant, SD;
standard deviation, R; right, L; left, MMSE; mini-mental state examination, H/M; heart-to-mediastinum, NA; not

applicable

Demographic and clinical variables were compared be-
tween groups using the Mann—Whitney U test, or the Chi-
square test. Statistical analyses were performed with a com-
mercially available software package (Prism 6.0, GraphPad
Software, San Diego, CA, USA). A p value < 0.05 was con-
sidered significant. In VBM analysis, a voxel-by-voxel anal-
ysis of covariance (ANCOVA) was computed to detect re-
gional differences in grey matter or white matter volume be-
tween the MIBGy; group and MIBGy group using SPM12.
The patients’ age at the time of MRI, gender, and H/M ratio
were entered as the nuisance covariates. An uncorrected p
value < 0.0001 with spatial extent K > 90 voxels was consid-
ered significant. In DTI analysis, the randomise option with
threshold-free cluster enhancement was applied [25]. All sta-
tistical images were corrected for multiple comparisons and
thresholded at p < 0.05.

Results

With respect to demographic and clinical findings, symptom
laterality tended to be frequent on the left side in both groups,
while the presence of dysautonomia tended to be frequent
among the MIBGy group, although there were no statistically
significant differences (Table 1).

The differences in grey matter volume between the MIBGp,
and MIBGy groups obtained via VBM analysis are depicted
in Fig. 2. MIBG_, patients demonstrated a significant reduc-
tion in grey matter volume in the right inferior frontal gyrus
(pars opercularis, uncorrected p < 0.0001, K >90) compared
to MIBGy; patients. There were no statistically significant dif-
ferences in grey matter in any other regions of the brain be-
tween these two groups.

The differences in FA value observed between the MIBGy,
and MIBGy groups in the DTI analysis are shown in Fig. 3.
Patients in the MIBG;_ group exhibited significantly lower FA
in the left anterior thalamic radiation, the left inferior fronto-
occipital fasciculus, the left superior longitudinal fasciculus,

@ Springer

and the left uncinate fasciculus than those in the MIBGy
group (p <0.05). There were no statistically significant

Fig.2 Grey matter volume reduction in the MIBG; and MIBGy groups
observed by VBM analysis. Grey matter volume was significantly lower
in the MIBG, group than in the MIBGy group at the inferior frontal gyrus
(coordinates: x=51.0, y=19.5, z=10.5; pars opercularis) on the right
side (uncorrected p <0.0001, K> 90)
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< 0.01

Fig.3 FA reduction in the MIBGy and MIBGy; groups observed by DTI
analysis. FA value was significantly lower in the MIBG_ group than in the
MIBGy; group at the anterior thalamic radiation, inferior fronto-occipital
fasciculus, superior longitudinal fasciculus, and uncinate fasciculus on the
left side (p <0.05)

differences in MD in any tracts between the MIBG and
MIBGy; groups (p > 0.05, data not shown).

Discussion

In the present study, symptom laterality tended to be frequent
on the left side in both groups, while the presence of
dysautonomia tended to be frequent among the MIBGy_ group,
although there were no statistically significant differences
(Table 1). Dysautonomia [26] and motor laterality [27] are
well-known aspects of PD. Dysautonomia leads to specific
symptoms such as orthostatic hypotension, hypodiaphoresis,
urinary dysfunction, and constipation. Dysautonomia is found
in the pre-motor early stages of PD and is associated with
decreased uptake of '*I-MIBG [28]. In the present study,
we observed that dysautomonia tended to be more frequent
among patients with MIBGy than among those with MIBGyy,
which is consistent with the findings of previous reports [26,
28]. Motor laterality is a diagnostic clue that can be used to
differentiate PD from other motor nerve disorders [27] and is
only observed in stage I according to the Hoehn and Yahr
scale [19]. As PD progresses, motor laterality decreases.
VBM revealed significant losses in grey matter volume in
the right inferior frontal gyrus in the MIBGy group.
Furthermore, we observed diffuse white matter changes in
the anterior thalamic radiation, the inferior fronto-occipital
fasciculus, the superior longitudinal fasciculus, and the unci-
nate fasciculus of the left hemisphere, mainly in the prefrontal

regions, using DTI. Connectivity between the substantia nigra
(SN) and prefrontal areas such as the pars opercularis, pars
orbitalis, pars triangularis, and rostral middle frontal gyrus has
been reported [29]. Similar connectivity has been described in
rodents [30], non-human primates [31], and humans by means
of DTI-based techniques [29, 32]. Cacciola et al. reported that
connections among the pars opercularis, pars orbitalis, and
rostral middle frontal gyrus were predominantly right-sided,
while other connections were predominantly left-sided, in
healthy participants [29]. Our results of VBM suggest that
impairment of connectivity between the right SN and inferior
frontal gyrus may occur in patients with progressive PD.
Previous region-of-interest diffusion studies of PD have
shown reduced FA in specified subcortical structures and ce-
rebral white matter tracts, which is consistent with our results
[10, 33]. We have replicated previous findings using whole-
brain analysis methods [34], observing reduced FA in the gy-
rus rectus (olfactory tract), prefrontal white matter, and the
corticospinal tract. In the present study, we also identified
reductions in FA in the white matter of right prefrontal lobe.
Our results suggest that local regions of cerebral white matter
are affected in PD patients with sympathetic dysfunction.
However, it is difficult to make specific inferences as to the
underlying axonal or myelin pathology related to changes in
FA and MD using DTT alone [14]. It is well established that a
fronto-striatal dysexecutive syndrome or impairment of extra-
pyramidal system accompanied by grey matter pathology af-
fecting fronto-striatal circuits can be present from the early
beginning stages of PD [35, 36]. In the present study, we
demonstrated corresponding evidence for fronto-striatal white
matter pathology, with reduced FA in right prefrontal white
matter tracts and in the external capsules (one of the principal
white matter tracts connecting the prefrontal cortex and the
striatum). We found that the dominant extrapyramidal symp-
tomatic side corresponded with reductions in FA. Therefore,
our results suggest that DTI may detect microstructural chang-
es in the brain of PD patients with sympathetic dysfunction.
According to Braak’s model, the accumulation of Lewy
bodies occurs during stage V of PD in the grey matter, while
stage I'V in white matter [37]. This finding must be confirmed
via pathological specimen analysis. Our results suggest that
advanced MRI techniques including VBM and DTI may be
able to detect microstructural changes in PD patients with
sympathetic dysfunction, that are related to histopathological
accumulation of Lewy bodies in a non-invasive fashion. We
further suggest that these advanced MRI methods may be able
to detect the areas of brain damage more precisely and poten-
tially lead to improved identification of PD patients with early
sympathetic dysfunction, resulting in immediate treatment.
There are a few limitations to our study. First, MRI data
were collected as part of a larger PD study in which patients
were scanned once while taking dopaminergic medication.
However, it is unlikely that the medication contributes to the
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differences in diffusion measures for several reasons. The
pharmacological action of these drugs is less likely than pri-
mary effects of the disease to influence DTI data. A second
limitation is that, while the number of participants (n =24) is
comparable to several other DTI studies of PD, a few studies
used larger numbers of patients to reduce type II error [3, 16,
33, 38]. Our study design was a comparison between PD with
MIBG;, and MIBGy, not between PD and healthy control
subjects. Our results may differ from healthy controls; how-
ever, this study revealed insights into the progression process
of PD. The small size of our samples may have limited the
comparison of disease severity. PD patients with MIBGy_ are
quite rare and it was difficult to conduct a large cohort study.
Further multicentre studies are necessary to confirm the con-
clusions. Furthermore, as the diagnosis of PD was not histo-
pathologically confirmed, the possibility of misdiagnosis
remains.

With respect to statistical analysis, there were several op-
tions available for determining the significance level. Simply
determining statistical significance by a p value < 0.05 would
not account for the multiple comparisons performed within
the same subject. However, it has been shown that
Bonferroni corrections via family wise error (FWE) are overt-
ly conservative and do not account for the unequal distribution
of p values [39]. The false discovery rate approach (FDR)
accounts for this at some level, but still requires the critical
threshold for the highest test statistics to depend on a FWE
correction, which can lead to a lack or underrepresentation of
active voxels [40]. Both corrections were examined in the
VBM analysis, resulting in non-significance. However, it
was suspected that the issues with FWE and FDR may be at
play. A common practice is to report thresholds of uncorrected
p values < 0.001 [40]. We increased this level to uncorrected
p values 0f <0.0001, to avoid the issues observed with FWE
and FDR, while being more conservative than common
practice.

In summary, cardiac sympathetic denervation represents
the severity of the accumulation of Lewy bodies. Our findings
indicate that VBM and DTI may reveal microstructural chang-
es related to the degree of MIBG uptake in patients with PD,
which, in turn, may indicate the severity of the accumulation
of Lewy bodies.
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