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Abstract

Purpose The aims of this study were to evaluate the diagnostic accuracy of the dual imaging method combining cardiac
iodine-'?*-metaiodobenzylguanidine single-photon emission computed tomography combined with low-dose chest computed
tomography compared to routine cardiac scintigraphy, and assess regional differences in tracer distribution and the relation-
ships between imaging and autonomic function in Parkinson’s disease and multiple system atrophy.

Methods A prospective study including 19 Parkinson’s disease and 12 multiple system atrophy patients was performed.
Patients underwent clinical evaluation, iodine-'>*-metaiodobenzylguanidine single-photon emission computed tomography
combined with chest computed tomography, planar scintigraphy, and cardiovascular autonomic function tests.

Results Co-registration of single-photon emission computed tomography and chest computed tomography resulted in three
groups with distinct patterns of tracer uptake: homogeneous, non-homogeneously reduced and absent. There was a signifi-
cant difference in group allocation among patients with multiple system atrophy and Parkinson’s disease (p=0.001). Most
multiple system atrophy patients showed homogeneous uptake, and the majority of Parkinson’s disease patients showed
absent cardiac tracer uptake. We identified a pattern of heterogeneous cardiac tracer uptake in both diseases with reductions
in the apex and the lateral myocardial wall. Sympathetic dysfunction reflected by a missing blood pressure overshoot during
Valsalva manoeuvre correlated with cardiac tracer distribution in Parkinson’s disease patients (p < 0.001).

Conclusions The diagnostic accuracy of the dual imaging method and routine cardiac scintigraphy were similar. Anatomical
tracer allocation provided by the dual imaging method of cardiac iodine-'>*-metaiodobenzylguanidine single-photon emis-
sion computed tomography and chest computed tomography identified a heterogeneous subgroup of Parkinson’s disease and
multiple system atrophy patients with reduced cardiac tracer uptake in the apex and the lateral wall. Sympathetic dysfunction
correlated with cardiac imaging in Parkinson’s disease patients.
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Introduction

The Parkinson variant of multiple system atrophy (MSA-
P) and idiopathic Parkinson’s disease (IPD) are neuro-
degenerative disorders with distinct neuropathology and
progression that share several clinical features hamper-
ing differential diagnosis, especially in the early stages of
disease. While in IPD, degeneration of the cardiac post-
ganglionic sympathetic nervous system is a characteristic
finding, MSA-P patients show preganglionic abnormalities
[1-9]. Cardiac imaging using iodine-123-metaiodobenzyl-
guanidine (123I-MIBG), an inactive radiopharmaceutical
sympathomimetic amine guanethidine, examines the sym-
pathetic innervation of the heart and thereby enables the
quantification of the postganglionic cardiac sympathetic
innervation [10]. Accordingly, reduced cardiac 1231 MIBG
uptake has been associated with IPD, even in the early
stages, but is preserved in the majority of MSA cases
[1-3,9, 11-19]. A meta-analysis reported pooled sensi-
tivity and specificity of 90% and 83%, respectively, for
cardiac planar 2’ I-MIBG scintigraphy in differentiating
parkinsonism associated with IPD from atypical parkin-
sonism [19]. Currently, '**I-MIBG scintigraphy is consid-
ered a supportive criterion within the diagnostic criteria of
IPD [20]. However, up to 50% of de novo and early-stage
IPD patients may show preserved cardiac sympathetic
innervation, and reduced cardiac tracer uptake has been
reported in one third of patients with MSA, consistent with
a reduced number of postganglionic tyrosine hydroxylase
immunoreactive axons and alpha-synuclein-positive inclu-
sions in sympathetic ganglia of patients with MSA [17,
21-27]. Based on this knowledge gap, we sought to evalu-
ate regional differences in cardiac tracer uptake in IPD
and MSA-P. To this end, we applied co-registration of
I23I_-MIBG single-photon emission computed tomography
and low-dose chest computed tomography ('>*I-MIBG-
SPECT-CT), enabling us to assign functional information
to anatomically defined cardiac territories. Secondly, we
compared the diagnostic accuracy of '>*I-MIBG-SPECT-
CT to routine planar cardiac '*’I-MIBG scintigraphy and
determined the relationships between >’ I-MIBG imaging
and autonomic function.

Materials and methods
Study design and participants
We performed a cross-sectional study including 31 pro-

spectively recruited patients with diagnosis of either prob-
able MSA-P (n=12) or probable IPD (n=19) according to
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current consensus criteria [20, 28]. Medical records of all
patients were counterchecked for diagnosis at the last visit
at the outpatient clinics. All patients underwent a clinical
interview and examination, echocardiography (ejection
fraction > 54% for men, and > 52% for women), and planar
1231_.MIBG scintigraphy followed by '**I-MIBG SPECT-
CT. This study was approved by the ethics committee of
the Medical University of Innsbruck (AN4687 311/4.25
[4307a]), and all participants signed the informed consent
before inclusion in the study.

Exclusion criteria were a history of any other major neu-
rological or psychiatric condition, a history of coronary
heart disease, ischemic and non-ischemic cardiomyopathy,
heart failure determined by echocardiography, cardiac den-
ervation unrelated to parkinsonism (e.g. diabetic neuropathy
or heart transplantation as determined by history or labora-
tory findings [i.e. HbAlc]), known or suspected pregnancy
or breastfeeding, dependence on any drug known to interact
with '21-MIBG [29]. All patients were treated with levo-
dopa alone or in combination with dopamine agonists.

Clinical examination and rating scales

The clinical interview included collection of basic demo-
graphics, medical history and current medication. Disease
severity and motor symptoms were evaluated using the Uni-
fied MSA Rating Scale (UMSARS) for patients with MSA-P
and the Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS) for IPD and patients with MSA-P [30, 31].

Cardiac '2I-MIBG imaging

The radiopharmaceutical agent AdreView™ (GE Health-
care) corresponding to '2*I-MIBG is an agent used to func-
tionally examine the sympathetic innervation of the heart.
125I_-MIBG was applied according to the manufacturer’s
guidelines. Four hours after application a planar overview
scan of the thorax was recorded in each patient in a supine
position (= planar '*’I-MIBG scintigraphy), followed by a
single SPECT-CT (= '?’I-MIBG SPECT-CT). Photon atten-
uation correction was performed by CT. The gamma camera
used for imaging was a Philips BrightView XCT with a cone
beam CT instead of a spiral CT. The longer revolution time
compared to a spiral CT means that respiratory movement
will also lead to a blurring of the CT.

123_MIBG SPECT-CT

To perform the synchronized image registration, the
Philips BrightView XCT gamma camera system was used.
It utilizes a flat-panel detector CT to achieve highest reso-
lutions at low dosage. Low-dose CT imaging accounts for
a radiation burden of 0.2 mSv according to manufacturer’s
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statements. The latter technology generates a resolution of
0.33 mm isotropic voxels. For image analysis, the obtained
SPECT and low-dose CT image data were transferred to a
Hermes Workstation (Hermes medical Solutions, Stock-
holm, Sweden) and displayed as 3-dimensional images
using the multi-modality program Hybrid Viewer (Hermes
medical Solutions, Stockholm, Sweden).

The first step was to manually place circular regions of
interest (ROIs) comprising the entire left myocardial wall
and the left ventricular chamber (ROI-H) and other circu-
lar ROIs comprising a representative part of the mediasti-
num (ROI-M) on the 2-dimensional coronal, transversal
and sagittal sections for each patient. Inside these sectional
ROIs the final volumes of interest of the heart (VOI-H) and
the mediastinum (VOI-M) were generated by using the
application data analysis VOI and the program “operation
VOI threshold”. The former enables generating VOIs from
the sectional ROIs and the latter enables the delineation
of VOIs by digital thresholding based on voxel intensity
within a defined range of tracer uptake intensity with a
value set at 30%, which means all voxels above this value
will be included in the VOIs. The value set represents
counts per second per voxel.

Using these settings for each patient, different patterns
of VOIs in the myocardial wall became visible and the
patients were assigned to three distinct categories based
on the tracer uptake profile:

Patients in group A had homogeneous '*I-MIBG
uptake in the left ventricular wall and one VOI or two
VOIs including the entire left ventricular wall were gener-
ated. Patients in group B had non-homogeneously reduced
and partially absent '>*I-MIBG uptake and more than two
VOIs including portions of left ventricular wall were gen-
erated. Patients in group C had absent visible '*’I-MIBG
uptake in the left ventricular wall, which was discrimi-
nable from the background and no VOIs were generated.

In all patients, we determined the mediastinum as the
reference VOI for the semi-quantitative evaluation. The
mean counts per voxel of the final VOIs of the heart and
the mediastinum were used to calculate the heart to medi-
astinum—VOI .../ VO tegiastinum (VYOI ratios.

The images of individuals of group B were inspected
by one experienced nuclear medicine doctor (E.D.) and
the tracer uptake was categorized into “normal”, reduced
and absent within the territories the left ventricular wall.

Planar '2*I-MIBG scintigraphy
The regions of interest were defined on the heart myocar-

dium and the mediastinum. The mean heart uptake/mean
mediastinum uptake (H/M) were calculated.

Cardiovascular autonomic function

Autonomic symptoms were evaluated using the COM-
PASS-31 and the SCOPA-AUT questionnaires [32, 33].
Sympathetic function was evaluated by assessment of the
blood pressure (systolic and diastolic) and heart rate changes
at 3-min tilt-table examination and active standing test,
blood pressure (BP) overshoot during the Valsalva manoeu-
vre phase 4, and measurements of the total peripheral
resistance (TPR) corresponding to peripheral sympathetic
mediated vasoconstriction during tilt-table examination
and active standing test [34, 35]. Orthostatic hypotension
was diagnosed according to the consensus statement defin-
ing OH as a systolic blood pressure (BP) drop of at least
20 mmHg and/or a reduction in diastolic blood pressure of
at least 10 mmHg at 3 min tilting or active standing [36].
Neurogenic orthostatic hypotension (nOH) was defined
by a ratio < 0.5 of the increase in heart rate divided by the
decrease in systolic blood pressure during tilt-table examina-
tion [37, 38]. Prior to the test, patients were asked to avoid
coffee, tea or taurine-containing beverages and have their
last meals 2 h before the scheduled test. The tilt-table bat-
tery was performed in a quiet setting, with mean 22 °C room
temperature, following standardised protocols as described
previously [39]. Briefly, heart rate (HR) and blood pressure
(BP) were continuously monitored by non-invasive beat-to
beat BP recording and impedance cardiography (Task Force
Monitor, CNSystems 2007). After lying for 10 min in the
supine position, patients were passively tilted up to 60° for
10 min. Oscillometric BP measurements were performed
at the 10th minute of the supine phase and repeated 3 and
10 min after head-up tilting, and at 3 min during the active
standing test. For analysis, we only considered the blood
pressure, heart rate, and TPR changes at 3-min tilt-table
examination and standing test. Valsalva manoeuvre included
blowing into a mouthpiece for 15 s at an expiratory pressure
of 40 mmHg, and three trials with 60-s intervals in between
were performed.

Statistical analyses

Statistical analyses were performed using IBM SPSS Sta-
tistics 25 software (SPSS, Inc., Chicago, IL, USA). All data
are presented as mean + standard deviation (SD) or as n (%).
The Shapiro—Wilk test was applied to assess the distribution
of data. For the two group comparisons between IPD and
MSA-P, Mann Whitney U and ¢ tests, and for the three group
comparisons between the cardiac tracer uptake groups A—C,
Kruskal Wallis test and ANOVA were conducted with post
hoc Bonferroni test as appropriate. Frequencies and group
differences in qualitative data were computed using cross-
tabs and Chi-square test. Fisher’s exact test was applied
for small sample sizes. Linear regression was performed
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to evaluate the relationship between heart to mediastinum
ratios, diagnosis, disease duration, age, gender and a diag-
nosis of OH. Receiver operating curves were calculated
for and compared between cardiac '>*I-MIBG SPECT-CT
and planar scintigraphy. Relationships between clinical and
radiological data were performed using Pearson and Spear-
man correlations. Corrections for multiple comparisons were
performed. The level of significance was set at p <0.05.

Results

Demographic and clinical characteristics

Results of demographic and clinical characteristics are
reported in Table 1.

While disease duration was significantly shorter in
patients with MSA-P compared to IPD (p =0.017),

motor impairment was greater in patients with MSA-P,
with higher MDS-UPDRS scores and a greater propor-
tion of advanced H&Y stages (p <0.001). The UMSARS
scores of the MSA-P group were as follows: UMSARS
total 46.67+9.17, UMSARS 1 20.42 +4.83, UMSARS 1I
(motor) 23.33 +4.03, UMSARS global 2: n=3, 3: n=3, 4:
n=>5 (median 3 [CI 2.51-3.66]). In the MSA-P group the
female gender was predominant. There was no difference
in the frequency of orthostatic hypotension in patients
with IPD or MSA-P (p > 0.05). Statistically significant dif-
ferences were observed in the total SCOPA-AUT scores
between patients with IPD and MSA-P (p <0.001). The
latter had higher scores on the bowel function, urinary and
cardiovascular domains (p <0.05, Table 1). The score in
the urinary domain of COMPASS-31 was also higher in
the MSA-P compared to the IPD patients (p =0.039). The
other domains of COMPASS-31 were comparable between
IPD and patients with MSA-P.

Table 1 Demographic and

. o n=31 IPD MSA-P P
clinical characteristics
n=19 n=12
Age at examination (years) 65.37 (7.80) 63.33 (8.52) p=0.500°
Disease duration (months) 82.74 (29.63) 56.17 (26.09) p=0.017°
Hoehn and Yahr stage (2/3/4) 11/8/0 0/9/3 p <0.0014
Gender (F:M) 5:14 11:1 p<0.001§
MDS-UPDRS total 72.61 (13.51) 96.00 (20.02) p=0.003°
MDS-UPDRS 1 11.39 (5.25) 17.14 (6.49) p=0.030°
MDS-UPDRS II 15.56 (4.74) 21.59 (4.85) p=0.007°
MDS-UPDRS III 40.39 (10.31) 52.86 (11.75) p=0.007°
MDS-UPDRS IV 5(1.5-9) 0(0-8) p=0.298%
OH, n (%) 5/16 (31) 4/12 (33) p=0.612%
SCOPA-AUT gastrointestinal 3.5(2.35) 8 (3.87) p=0.003 2
SCOPA-AUT urinary 4.57 (4.55) 10 (6.23) p=0.018
SCOPA-AUT cardiovascular 1.07 (1.69) 2.73 (2.15) p=0.0244
SCOPA-AUT total 13.79 (8.22) 21.47 (£8.77) p<0.001°
COMPASS-31 urinary 1.51 (1.77) 3.95(2.89) p=0.039%
VOl 'ZI-MIBG SPECT-CT 1.1 (0.97-2.40) 423 (2.81-4.82) p<0.001%
H/M planar scintigraphy 1.18 (0.19) 1.79 (0.34) p<0.001°
Group A, n (%) 2/19 (11) 8/12 (67) p=0.001°
Group B, n (%) 4/19 (21) 3/12 (25)
Group C, n (%) 13/19 (68) 1/12 (8)
Group B+ group C, n (%) 17/19 (90) 4/12(33) p=0.002}

Data for IPD and patients with MSA-P are reported as mean (SD), median (25-75% quartile), numbers and
percentage within diagnosis. The two groups were compared using Chi-square (§), Mann Whitney U (A),

and ¢ tests (°)

P designates the group test p-value, IPD idiopathic Parkinson’s disease, MSA-P multiple system atrophy
Parkinson-variant, MDS-UPDRS Movement Disorder Society Unified Parkinson’s Disease Rating Scale,
OH orthostatic hypotension, SCOPA-AUT scales for outcomes in Parkinson’s disease—autonomic dysfunc-
tion, COMPASS-31 Composite Autonomic Symptom Score-31, VOIy,, heart to mediastinum ratio of the
volume of interest of '2*I-MIBG SPECT-CT, H/M heart to mediastinum ratio of the planar scintigraphy
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Fig.1 VOIy,, of '2I-MIBG SPECT-CT of groups A, B and C are
illustrated as boxplots (a). The ROC curves of VOIy,, of *I-MIBG
SPECT-CT (grey) and planar scintigraphy (black) are shown on the
right side (b). a The three groups were compared using Kruskal—
Wallis and appropriate post hoc test. VOIy,, differed significantly
between groups A, B and C (for all group comparisons p <0.001).

123_MIBG SPECT-CT

Results of the VOIy of '**I-MIBG SPECT-CT and the
ROC curves of VOIy,; of '**I-MIBG SPECT-CT and pla-
nar scintigraphy are plotted in Fig. 1.

There were three categories of cardiac '>*I-MIBG tracer
uptake identified by SPECT-CT: Group A consisted of 10
patients with homogeneous tracer uptake and was domi-
nated by eight patients with MSA-P. Group B consisted of
seven patients showing non-homogeneously reduced tracer
uptake including three patients with MSA-P and four IPD
patients. All patients of group C with absent cardiac tracer
uptake were IPD patients, except one patient with MSA-P
(Table 1). Comparison of the diagnostic accuracy of the
dual imaging method of '>*I-MIBG SPECT-CT to pla-
nar scintigraphy did not show any significant difference
(Fig. 1b).

VOI; of '*I-MIBG SPECT-CT and H/M of planar
scintigraphy were significantly higher in MSA-P than in IPD
(p<0.001), and there was a significant association of the tracer
uptake group and diagnosis (p <0.01; Table 1). Overall, the
planar scintigraphy-derived H/M ratio strongly correlated with
the SPECT-CT-derived averaged VOIy,-ratio (r=0.942,
p<0.001 n=31). A total of 89% of IPD and 33% of patients
with MSA-P revealed a pathological MIBG scan (absent or
reduced) (p=0.001; Table 1). Absent or reduced tracer uptake
resulted in an odds ratio (OR) of 17 for the diagnosis of IPD
(sensitivity 89% and specificity 67%, accuracy 81%, the nega-
tive likelihood ratio for a diagnosis of IPD in the context of
homogeneous cardiac MIBG uptake was 0.16). Missing car-
diac tracer uptake was significantly associated with a diagnosis

b The area under the curve for the VOI,, of **I-MIBG SPECT-
CT was 0.934; the AUC for the planar scintigraphy was 0.945
(p=0.350). VOIyy =heart to mediastinum ratio of the volume of
interest. Group A =homogeneous, group B=non-homogeneously
reduced, and group C =absent cardiac '’ I-MIBG tracer uptake

of IPD (p=0.0003); the corresponding OR was 24 (sensitivity
93% and specificity 65%, accuracy 77%).

Myocardial tracer uptake was not correlated with age,
gender, disease duration or disease severity (p > 0.05). Lin-
ear regression was carried out to investigate the relationship
between VOIy,,, and diagnosis, age at examination, disease
severity (H&Y), gender and a diagnosis of OH. A strong asso-
ciation was identified between VOI;,, and diagnosis (n=28;
only diagnosis was a significant predictor: regression coef-
ficient 2.63; beta=0.77; p=0.005).

Patterns of regional differences '2%I-MIBG uptake
in patients with non-homogeneously reduced tracer
uptake.

The patterns of regional tracer distribution in the patients of
group B are illustrated in Fig. 2.

Four IPD and three patients with MSA-P were assigned to
group B (three men and one female of the IPD and two female
and one man in the MSA-P group). Reduced cardiac tracer
uptake was most common in the apex (segment 17) and the
lateral wall (segments 5, 6, 11, 12, 16) detected in all seven
patients of group B, followed by the anterior wall (segments 1,
7, 13) detected in 4/7 patients (57%), the septal wall (segments
2,3,8,9, 14) observed in 3/7 patients (43%), and the inferior
wall (segments 4, 10 and 15) found in 3/7 patients (43%).

Cardiovascular autonomic function and cardiac
1231.MIBG uptake

Cardiovascular autonomic function parameters are summa-
rized in Table 2.
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Fig.2 The patterns of cardiac 1231-MIBG tracer uptake of patients
1-7 of group B are illustrated. The numbers in the images reflect the
17 cardiac territories as follows: 1: basal anterior, 2: basal anterosep-
tal, 3: basal inferoseptal, 4: basal inferior, 5: basal inferolateral, 6:
basal anterolateral, 7: mid anterior, 8: mid anteroseptal, 9: mid infer-

oseptal, 10: mid inferior, 11: mid inferolateral, 12: mid anterolateral,
13: apical anterior, 14: apical septal, 15: apical inferior, 16: apical
lateral, 17; apical. red=completely, orange=incompletely reduced
tracer uptake. Plain spaces indicate normal tracer uptake

Table 2 Cardiovascular

. . MIBG tracer uptake P
autonomic function parameters
Group A Group B Group C
OH, n (%) 3/9 (33) 1/9 (11) 5/9 (56) p=0.7588x
3 MSA-P 1 IPD 1 MSA-P, 4
Without OH, n (%) 7/19 (37) 6/19 (32) IPD
21IPD, 5 MSA-P 3 1PD, 3 MSA-P 6/19 (32)
6 IPD
nOH, n (%) 3/6 (50) 1/6 (17) 2/6 (33) p=0.3308x
3 MSA-P 1 IPD 1 MSA-P, 1 IPD
Valsalva
Missing BP overshoot phase 4, n (%) 5/18 (28) 3/18 (17) 10/18 (56) p=0.448§x
Tilt-table examination
A systolic BP 3 min [mmHg] —5.60 (10.11) —11.71 24.19) -8.09(19.44) p=1#x
A diastolic BP 3 min [mmHg] 3.00 (8.79) —4.29 (18.29) 0.00 (14.78) p=1#x
A HR 3 min [beats/min] 7.80 (5.96) 6.86 (7.47) 11.09 (6.86) p=1#x
A TPR 3 min 455 (213) 220 (634) 112 (379) p=1#x
Active standing test
A systolic BP 3 min [mmHg] 3.50 (21.90) 6.33 (18.08) 0.45 (24.61) p=1#x
A diastolic BP 3 min [mmHg] 8 (—1.75-22.25) 12.5(6.25-24.5) 15 (-10-21) p=1"x
A HR 3 min [beats/min] 12.70 (7.60) 15.00 (4.82) 17.00 (6.37) p=1#x
A TPR 3 min 442 (329) 455 (393) 13 (353) p=0.144x

Data for groups A, B and C (group A=homogeneous; group B =non-homogeneously reduced; group
C=absent) are reported as mean (SD), median (25-75% quartile), numbers and percentages. The three
groups were compared with Chi-square (§), ANOVA (#), or Kruskal Wallis (") tests with appropriate post
hoc tests and correction for multiple comparisons (x)

P designates the overall group test p-value, OH orthostatic hypotension, nOH neurogenic OH, BP blood
pressure, HR heart rate, TPR total peripheral resistance

Orthostatic hypotension was diagnosed in 9/28 (32%)
patients (three patients were excluded from analyses):
5/16 (31%) of IPD and 4/12 (33%) of patients with MSA-P
(p=0.612, Table 1). The VOI,/VOI,, were comparable in
patients with and without a diagnosis of OH (p =0.735).
Neurogenic OH (nOH) was diagnosed in six cases with OH
(2/5 (40%) IPD and 4/4 (100%) MSA-P cases with OH;
p=0.119).

Orthostatic hypotension and nOH were not associ-
ated with the cardiac tracer uptake groups (p > 0.05;
Table 2), and no significant correlations of HR, BP or TPR
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during tilt-table examination or standing test with VOI,; of
123I_.MIBG SPECT-CT could be identified. More than 80%
of IPD patients without OH (9/11 IPD patients) showed
pathological cardiac tracer uptake: 6/11 (55%) with absent
and 3/11 (27%) with reduced levels. In MSA-P 5/8 (62.5%)
showed normal and 3/8 (37.5%) had reduced tracer uptake.
Among the patients without a diagnosis of OH, there was
a significant association of a diagnosis and tracer uptake
category (p=0.030; Table 2).

Impaired sympathetic function reflected by a missing BP
overshoot during Valsalva phase 4 was observed in 10/14
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(71%) IPD and 8/10 (80%) patients with MSA-P (p =0.506).
Considering all patients, no significant correlation of the
missing blood pressure overshoot during Valsalva phase
4 and tracer uptake group could be determined. However,
looking into the subsets, there was a highly significant cor-
relation of tracer uptake group and a missing BP overshoot
during Valsalva phase 4 in the IPD (r=0.875 p<0.001)
but not in the patients with MSA-P (p=1). This result was
strengthened by a significant correlation of a missing BP
overshoot during Valsalva phase 4 with the VOI}y, in the
IPD group (r=-0.746 p=0.036) but not in the patients with
MSA-P (p=1).

Discussion

This is the first study investigating (1) differences in regional
tracer distribution using cardiac I231_.MIBG SPECT-CT, (2)
its diagnostic accuracy compared to routine '2*I-MIBG scin-
tigraphy, and (3) its relationship with sympathetic function
tests in IPD and patients with MSA-P.

In contrast to previous studies investigating cardiac sym-
pathetic innervation in parkinsonism by planar '*I-MIBG
scintigraphy, the dual imaging method combining '*I-MIBG
SPECT and low-dose chest CT offers the possibility to
map regional differences in cardiac tracer uptake indica-
tive of sympathetic innervation [1-3, 9, 11-19]. Thereby,
we established three distinct groups of cardiac '>*I-MIBG
tracer distribution with homogeneous (group A correspond-
ing to normal cardiac tracer uptake), non-homogeneously
reduced (group B, incomplete cardiac tracer uptake), and
absent (group C) tracer uptake. The IPD patients dominated
group C (68% of IPD patients), and the majority of patients
with MSA-P belonged to group A (67% of patients with
MSA-P). Pathological tracer uptake (groups B and C) was
highly associated with a diagnosis of IPD, revealing an OR
of 17 and corresponding to sensitivity of 89% and specificity
of 67% (negative likelihood ratio 0.16), which is concordant
with previous reports [1, 2, 12—15, 19]. Twenty-one per-
cent of IPD patients and one third of patients with MSA-P
were assigned to group B with non-homogeneously reduced
cardiac tracer uptake. In group B, the apex and the lateral
wall of the myocardium were most commonly affected,
irrespective of the underlying disease pathology. A similar
pattern was identified by fluorine-18-fluorodopamine and
11C-hydroxyephedrine positron emission studies in IPD
patients [40, 41]. In contrast, Lebasnier et al. showed that
the inferior wall of the myocardium was most affected by
reduced tracer uptake in patients with Parkinson’s disease
and dementia with Lewy bodies, followed by the apical,
lateral, septal and anterior walls, and they speculated that
regional cardiac sympathetic denervation is caused by Lewy
body deposition [42]. However, other mechanisms may be

involved, including physiological variation and liver and
lung interference. Several reports have pointed out that sym-
pathetic innervation in healthy individuals is not uniform,
but results are conflicting [43-57]. Most commonly, reduc-
tions in cardiac MIBG tracer uptake have been reported in
the apex and the inferior wall of healthy individuals with
associations to age and gender [45, 46]. No linkage between
the VOIy and age or gender could be identified in our
study. Histological quantification methods of post-mortem
human tissue assessing cardiac sympathetic innervation are
limited. In a study by Kawano and co-workers, the anterior
wall of the left ventricle showed significantly higher density
of adrenergic innervation compared to the inferior wall in
healthy individuals [56], supporting the differences found by
imaging studies. Nevertheless, it remains unclear whether
these reductions accounting for approximately 20% can
really explain the imaging differences, knowing that regional
denervation needs to be severe before it becomes apparent in
MIBG imaging [55]. Notably, the reductions in MIBG tracer
uptake in the lateral wall of the left ventricle detected in the
present study differ from what has been reported in healthy
individuals and patients with IPD or dementia with Lewy
bodies. Future studies assessing the temporal sequence of
123[_.MIBG SPECT-CT imaging combined with post-mortem
studies could possibly clarify the evolution of sympathetic
denervation. Moreover, histochemical analyses could resolve
metabolic and storage deficiencies potentially contributing
to the heterogeneity of tracer metabolism. Finally, a larger
number of patients with regional differences in cardiac
MIBG imaging may offer the possibility to more reliably
distinguish PD patients from patients with MSA-P by their
tracer uptake profile.

The proportion of patients with MSA-P (33%) with patho-
logical tracer uptake has been reported in previous studies
[24, 25], and there is literature indicating histopathological
postganglionic abnormalities in patients with MSA [17, 27].

As expected, the VOI,; '*I-MIBG SPECT-CT and
H/M of planar scintigraphy were higher in the patients with
MSA-P than in the IPD patients. No correlations of VOI\,
123]_ MIBG SPECT-CT and age, disease duration, disease
severity, or blood pressure changes during cardiovascu-
lar autonomic function tests were determined, which has
been shown before but contrasts with other reports [24, 59].
Despite the beneficial aspect of regional tracer mapping, the
diagnostic accuracies of VOIy, '>*I-MIBG SPECT-CT and
H/M of planar scintigraphy were comparable in this study.

It has been demonstrated that OH in IPD is associated
with neuroimaging evidence of cardiac sympathetic dener-
vation in IPD patients [58]. We could not reproduce this
association between OH and tracer uptake category, which
may be because of the small number of IPD patients with a
diagnosis of OH in the current study (n=5). However, we
were able to confirm that a diagnosis of IPD is associated
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with pathological tracer uptake in the absence of OH (80%).
Further, we show that cardiac sympathetic innervation
assessed by the VOI,y, of *I-MIBG SPECT-CT corre-
lates with sympathetic function tests [59]: the missing blood
pressure overshoot during the Valsalva manoeuvre phase 4
was associated with absent cardiac tracer uptake and cor-
related with the VOI,y, '**I-MIBG SPECT-CT in the IPD
patients. A missing BP overshoot during phase 4 of the Vals-
alva manoeuvre indicates impaired sympathetic control over
peripheral blood vessels. Given that the main site of lesions
in the autonomic nervous system in people with IPD is at the
level of post-ganglionic noradrenergic fibres, the observed
association between absent cardiac *’I-MIBG tracer uptake
and missing blood pressure overshoot at Valsalva manoeuvre
phase 4 suggests that sympathetic impairment proceeds at a
similar pace at the cardiac and vascular levels in people with
IPD. This could not be shown for the MSA-P group, which
can be explained by predominantly preganglionic sympa-
thetic degeneration in people with MSA [60].

In the light of controversial reports regarding the relation-
ships between a diagnosis of OH, blood pressure and heart
rate changes during autonomic function test and cardiac
123[.MIBG imaging, we did not find any significant correla-
tions in this study.

The severity of autonomic features as measured by the
SCOPA-AUT and COMPASS-31 questionnaires did not
correlate with clinical characteristics or cardiac!**I-MIBG
imaging as reported previously [23, 61, 62].

Very recently, a model of “brain first” versus “body first”
Parkinson’s disease was introduced by abnormal cardiac
123I_MIBG scintigraphy present before loss of putaminal
dopamine storage capacity in IPD patients with REM sleep
behaviour disorder (RBD) and idiopathic RBD in contrast
to IPD patients without RBD, revealing deficits in dopamine
storage prior to cardiac sympathetic denervation [63]. In the
current study population, all except two IPD patients showed
pathological cardiac tracer uptake representing the proposed
final common path in almost all IPD patients [21, 22]. The
two IPD cases with unremarkable cardiac MIBG imaging
(age: 69 and 53 years, disease duration: 53 and 84 months;
H&Y stage: 3 and 2) might be assigned to the “brain first”
model of Horsager and coworkers [63].

Confounding factors such as cardiac insufficiency, cardio-
myopathy, cardiac denervation unrelated to parkinsonism,
or medication known to possibly interfere with '>*I-MIBG
imaging were excluded in this study [29].

We acknowledge several limitations: The cross-sectional
design of the current study lacks information about the evo-
lution of cardiac tracer uptake which would be of high inter-
est in the patients with non-homogeneously reduced cardiac
tracer distribution. The sample size was modest, especially
in group B, and the majority of patients were female. There
was no post-mortem confirmation of clinical diagnosis of
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IPD or MSA-P. Cardiac tracer uptake categories including
homogeneous, non-homogeneously reduced, and absent
were established based on visual inspection of the SPECT-
CT images. Advanced statistical algorithms including super-
vised and unsupervised machine learning approaches may
reveal additional patterns that were not recognized during
visual reading in our study and should be further investi-
gated in future studies.

In conclusion, this is the first study offering a map of
cardiac '**I-MIBG tracer allocation provided by the dual
imaging method of '>*I-MIBG SPECT-CT in IPD and
patients with MSA-P. In both diseases, the apex and the lat-
eral wall of the myocardium are most affected by reduced
tracer uptake in patients with non-homogeneous reductions
in '2I-MIBG uptake. In IPD, cardiovascular sympathetic
function indicates postganglionic imaging but is not associ-
ated with OH. Finally, the diagnostic accuracy of '>’I-MIBG
SPECT-CT is comparable to routine '2I-MIBG scintigra-
phy. Future longitudinal studies assessing cardiac '>*I-MIBG
tracer abnormalities in IPD and MSA patients with and with-
out neurogenic OH and advanced statistical analyses includ-
ing automated pattern recognition would be highly desirable,
as such studies might help to better characterize the topo-
graphical evolution of cardiac noradrenergic denervation in
neurodegenerative disorders.

Author contributions Research project: conception—ED, IV, GW;
organization—FK, ED, GW; execution—CE, FK, ED, SE, AF, CU,
BM. Statistical analysis: design—CE, FK; execution—CE, FK; review
and critique—FK, ED, ED, AF, GW. Manuscript: writing of the first
draft—CE, ED; review and critique—FK, ED, SE, AF, CR, SB, KM,
CS, AD, CU, BM, WP, SK, IV, GW.

Funding Open access funding provided by University of Innsbruck
and Medical University of Innsbruck. This study was funded by the
Austrian Science Fund FWF KLI 380 Programm Klinische Forschung
(KLIF).

Availability of data and material The datasets generated during and
analysed during the current study are not publicly available but are
available from the corresponding author on reasonable request.

Code availability Not applicable.

Declarations

Conflict of interest Christine Kaindlstorfer: nothing to report. Florian
Krismer: reports consultancies from the Institut de Recherches Inter-
nationales Servier, Clarion Healthcare, LLC, and grants of the MSA
Coalition outside the submitted work. Eveline Donnemiller: nothing
to report. Sabine Eschlbock: nothing to report. Alessandra Fanciulli:
reports royalties from Springer Nature Publishing Group and Thieme
Verlag, speaker fees and honoraria from International Parkinson Dis-
ease and Movement Disorders Society, IOS Press, Impact Medicom,
Abbvie and Theravance Biopharma, and research grants from the
Stichting ParkinsonFond, MSA Coalition, Dr Johannes Tuba Stiftung
and the Osterreichischer Austausch Dienst, outside of the submitted
work. Cecilia Raccagni: nothing to report. Sylvia Bosch: nothing to



Clinical Autonomic Research (2022) 32:103-114

m

report. Katherina Mair: nothing to report. Christoph Scherfler: nothing
to report. Atbin Djamshidian: nothing to report. Christian Uprimny:
nothing to report. Bernhard Metzler: nothing to report. Klaus Seppi:
reports personal fees from Teva, UCB, Lundbeck, AOP Orphan Phar-
maceuticals AG, Roche, Griinenthal, and Abbvie; honoraria from the
International Parkinson and Movement Disorders Society; research
grants from the FWF Austrian Science Fund, Michael J. Fox Foun-
dation, and International Parkinson and Movement Disorder Society,
outside the submitted work. Werner Poewe: nothing to report. Stefan
Kiechl: reports support from the Austrian Research Promotion Agency
FFG outside the submitted work. Irene Virgolini: nothing to report.
Gregor Wenning: reports consultancy and lecture fees from AbbVie,
Affiris, AstraZeneca, Biogen, Lundbeck, Merz, Novartis, Ono, Teva,
and Theravance, and research grants from the FWF Austrian Science
Fund, the Austrian National Bank, the US MSA-Coalition, Parkinson
Fonds Austria, and International Parkinson and Movement Disorder
Society outside the submitted work. The authors have no conflicts of
interest to declare that are relevant to the content of this article.

Ethics approval This study was performed in line with the principles
of the Declaration of Helsinki. Approval was granted by the Ethics
Committee of the Medical University of Innsbruck (AN4687 311/4.25
[4307a]).

Consent to participate/consent for publication All patients signed the
informed consent regarding study participation and publishing their
data (anonymously) before inclusion in the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Braune S, Reinhardt M, Schnitzer R, Riedel A, Liicking CH
(1999) Cardiac uptake of [123I]MIBG separates Parkinson’s dis-
ease from multiple system atrophy. Neurology 53(5):1020-1025.
https://doi.org/10.1212/wnl.53.5.1020 (PMID: 10496261)

2. Orimo S, Ozawa E, Nakade S, Sugimoto T, Mizusawa H (1999)
(123)I-metaiodobenzylguanidine myocardial scintigraphy in Par-
kinson’s disease. J Neurol Neurosurg Psychiatry 67(2):189-194.
https://doi.org/10.1136/jnnp.67.2.189 (PMID:10406987;PMCI
D:PMC1736461)

3. Taki J, Nakajima K, Hwang EH, Matsunari I, Komai K, Yoshita
M, Sakajiri K, Tonami N (2000) Peripheral sympathetic dysfunc-
tion in patients with Parkinson’s disease without autonomic failure
is heart selective and disease specific. Eur J Nucl Med. 27(5):566—
573. https://doi.org/10.1007/s002590050544 (PMID: 10853813)

4. Braune S (2001) The role of cardiac metaiodobenzylguanidine
uptake in the differential diagnosis of parkinsonian syndromes.
Clin Auton Res 11(6):351-355. https://doi.org/10.1007/BF022
92766 (PMID: 11794715)

10.

11.

12.

13.

14.

15.

16.

17.

Yoshita M, Taki J, Yokoyama K, Noguchi-Shinohara M, Matsu-
moto Y, Nakajima K, Yamada M (2006) Value of 123I-MIBG
radioactivity in the differential diagnosis of DLB from AD. Neu-
rology 66(12):1850-1854. https://doi.org/10.1212/01.wnl.00002
19640.59984.a7 (PMID: 16801649)

Spiegel J, Hellwig D, Farmakis G, Jost WH, Samnick S, Fass-
bender K, Kirsch CM, Dillmann U (2007) Myocardial sympa-
thetic degeneration correlates with clinical phenotype of Parkin-
son’s disease. Mov Disord 22(7):1004—1008. https://doi.org/10.
1002/mds.21499 (PMID: 17427942)

Chung EJ, Lee WY, Yoon WT, Kim BJ, Lee GH (2009) MIBG
scintigraphy for differentiating Parkinson’s disease with auto-
nomic dysfunction from Parkinsonism-predominant multiple
system atrophy. Mov Disord 24(11):1650-1655. https://doi.org/
10.1002/mds.22649 (PMID: 19514077)

Sawada H, Oeda T, Yamamoto K, Kitagawa N, Mizuta E,
Hosokawa R, Ohba M, Nishio R, Yamakawa K, Takeuchi H,
Shimohama S, Takahashi R, Kawamura T (2009) Diagnostic
accuracy of cardiac metaiodobenzylguanidine scintigraphy in
Parkinson disease. Eur J Neurol 16(2):174-182. https://doi.org/
10.1111/5.1468-1331.2008.02372.x (PMID: 19146639)

Lucio CG, Vincenzo C, Antonio R, Oscar T, Antonio R, Luigi
M (2013) Neurological applications for myocardial MIBG scin-
tigraphy. Nucl Med Rev Cent East Eur 16(1):35-41. https://doi.
org/10.5603/NMR.2013.0007 (PMID: 23677762)

Rascol O, Schelosky L (2009) 123I-metaiodobenzylguanidine
scintigraphy in Parkinson’s disease and related disorders. Mov
Disord 24:S732-S741. https://doi.org/10.1002/mds.22499
(PMID: 19877202)

Yoshita M (1998) Differentiation of idiopathic Parkinson’s dis-
ease from striatonigral degeneration and progressive supranu-
clear palsy using iodine-123 meta-iodobenzylguanidine myocar-
dial scintigraphy. J Neurol Sci 155(1):60-67. https://doi.org/10.
1016/50022-510x(97)00278-5 (PMID: 9562324)

Satoh A, Serita T, Seto M, Tomita I, Satoh H, Iwanaga K,
Takashima H, Tsujihata M (1999) Loss of 1231-MIBG uptake
by the heart in Parkinson’s disease: assessment of cardiac
sympathetic denervation and diagnostic value. J Nucl Med
40(3):371-375 (PMID: 10086697)

Druschky A, Hilz MJ, Platsch G, Radespiel-Troger M, Druschky
K, Kuwert T, Neundorfer B (2000) Differentiation of Parkin-
son’s disease and multiple system atrophy in early disease stages
by means of 1-123-MIBG-SPECT. J Neurol Sci 175(1):3-12.
https://doi.org/10.1016/50022-510x(00)00279-3 (PMID:
10785250)

Takatsu H, Nagashima K, Murase M, Fujiwara H, Nishida H,
Matsuo H, Watanabe S, Satomi K (2000) Differentiating Par-
kinson disease from multiple-system atrophy by measuring car-
diac iodine-123 metaiodobenzylguanidine accumulation. JAMA
284(1):44-45. https://doi.org/10.1001/jama.284.1.44 (PMID:
10872011)

Courbon F, Brefel-Courbon C, Thalamas C, Alibelli MJ, Berry
I, Montastruc JL, Rascol O, Senard JM (2003) Cardiac MIBG
scintigraphy is a sensitive tool for detecting cardiac sympathetic
denervation in Parkinson’s disease. Mov Disord 18(8):890-897.
https://doi.org/10.1002/mds.10461 (PMID: 12889078)
Nagayama H, Hamamoto M, Ueda M, Nagashima J, Katayama
Y (2005) Reliability of MIBG myocardial scintigraphy in the
diagnosis of Parkinson’s disease. J Neurol Neurosurg Psychiatry
76(2):249-251. https://doi.org/10.1136/jnnp.2004.037028 (PMI
D:15654042;PMCID:PMC1739515)

Orimo S, Takahashi A, Uchihara T, Mori F, Kakita A, Waka-
bayashi K, Takahashi H (2007) Degeneration of cardiac sympa-
thetic nerve begins in the early disease process of Parkinson’s
disease. Brain Pathol 17(1):24-30. https://doi.org/10.1111/1.1750-
3639.2006.00032.x (PMID: 17493034)

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1212/wnl.53.5.1020
https://doi.org/10.1136/jnnp.67.2.189
https://doi.org/10.1007/s002590050544
https://doi.org/10.1007/BF02292766
https://doi.org/10.1007/BF02292766
https://doi.org/10.1212/01.wnl.0000219640.59984.a7
https://doi.org/10.1212/01.wnl.0000219640.59984.a7
https://doi.org/10.1002/mds.21499
https://doi.org/10.1002/mds.21499
https://doi.org/10.1002/mds.22649
https://doi.org/10.1002/mds.22649
https://doi.org/10.1111/j.1468-1331.2008.02372.x
https://doi.org/10.1111/j.1468-1331.2008.02372.x
https://doi.org/10.5603/NMR.2013.0007
https://doi.org/10.5603/NMR.2013.0007
https://doi.org/10.1002/mds.22499
https://doi.org/10.1016/s0022-510x(97)00278-5
https://doi.org/10.1016/s0022-510x(97)00278-5
https://doi.org/10.1016/s0022-510x(00)00279-3
https://doi.org/10.1001/jama.284.1.44
https://doi.org/10.1002/mds.10461
https://doi.org/10.1136/jnnp.2004.037028
https://doi.org/10.1111/j.1750-3639.2006.00032.x
https://doi.org/10.1111/j.1750-3639.2006.00032.x

112

Clinical Autonomic Research (2022) 32:103-114

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Treglia G, Stefanelli A, Cason E, Cocciolillo F, Di Giuda D,
Giordano A (2011) Diagnostic performance of iodine-123-me-
taiodobenzylguanidine scintigraphy in differential diagnosis
between Parkinson’s disease and multiple-system atrophy: a
systematic review and a meta-analysis. Clin Neurol Neurosurg
113(10):823-829. https://doi.org/10.1016/j.clineuro.2011.09.004
(Epub 2011 Oct 2 PMID: 21962800)

Orimo S, Suzuki M, Inaba A, Mizusawa H (2012) 123I-MIBG
myocardial scintigraphy for differentiating Parkinson’s disease
from other neurodegenerative parkinsonism: a systematic review
and meta-analysis. Parkinsonism Relat Disord 18(5):494-500.
https://doi.org/10.1016/j.parkreldis.2012.01.009 (Epub 2012 Feb
8 PMID: 22321865)

Postuma RB, Berg D, Stern M, Poewe W, Olanow CW, Oertel
W, Obeso J, Marek K, Litvan I, Lang AE, Halliday G, Goetz CG,
Gasser T, Dubois B, Chan P, Bloem BR, Adler CH, Deuschl G
(2015) MDS clinical diagnostic criteria for Parkinson’s disease.
Mov Disord 30(12):1591-1601. https://doi.org/10.1002/mds.
26424 (PMID: 26474316)

Kashihara K, Imamura T, Shinya T (2010) Cardiac 123I-MIBG
uptake is reduced more markedly in patients with REM sleep
behavior disorder than in those with early stage Parkinson’s
disease. Parkinson Relat Disord 16(4):252-255. https://doi.org/
10.1016/j.parkreldis.2009.12.010 (Epub 2010 Jan 25 PMID:
20097595)

Tsujikawa K, Hasegawa Y, Yokoi S, Yasui K, Nanbu I, Yanagi T,
Takahashi A (2015) Chronological changes of 1231-MIBG myo-
cardial scintigraphy and clinical features of Parkinson’s disease.
J Neurol Neurosurg Psychiatry 86(9):945-951. https://doi.org/10.
1136/jnnp-2015-310327 (Epub 2015 May 2 PMID: 25935888)
Kim JS, Park HE, Park IS, Oh YS, Ryu DW, Song IU, Jung YA,
Yoo IR, Choi HS, Lee PH, Lee KS (2017) Normal “heart” in
Parkinson’s disease: is this a distinct clinical phenotype? Eur J
Neurol 24(2):349-356. https://doi.org/10.1111/ene.13206 (Epub
2016 Nov 26 PMID: 27888574)

Frohlich I, Pilloy W, Vaillant M, Diederich NJ (2010) Myocardial
MIBG scintigraphy: a useful clinical tool? A retrospective study
in 50 parkinsonian patients. Neurol Sci 31(3):403—6. https://doi.
org/10.1007/310072-010-0218-4 (Epub 2010 Feb 13. Erratum
in: Neurol Sci. 2010 Jun;31(3):409. PMID: 20155379)
Nagayama H, Ueda M, Yamazaki M, Nishiyama Y, Hamamoto
M, Katayama Y (2010) Abnormal cardiac [(123)I]-meta-iodo-
benzylguanidine uptake in multiple system atrophy. Mov Disord
25(11):1744-1747. https://doi.org/10.1002/mds.23338 (PMID:
20645402)

Brumberg J, Schréter N, Blazhenets G, Frings L, Volkmann J,
Lapa C, Jost WH, Isaias IU, Meyer PT (2020) Differential diag-
nosis of parkinsonism: a head-to-head comparison of FDG PET
and MIBG scintigraphy. NPJ Parkinsons Dis 6(1):39. https://doi.
org/10.1038/s41531-020-00141-y (PMID:33311476;PMCID:
PMC7733458)

Sone M, Yoshida M, Hashizume Y, Hishikawa N, Sobue G (2005)
alpha-Synuclein-immunoreactive structure formation is enhanced
in sympathetic ganglia of patients with multiple system atrophy.
Acta Neuropathol 110(1):19-26. https://doi.org/10.1007/s00401-
005-1013-9 (Epub 2005 May 14 PMID: 15895299)

Gilman S, Wenning GK, Low PA, Brooks DJ, Mathias CJ, Tro-
janowski JQ, Wood NW, Colosimo C, Diirr A, Fowler CJ, Kauf-
mann H, Klockgether T, Lees A, Poewe W, Quinn N, Revesz T,
Robertson D, Sandroni P, Seppi K, Vidailhet M (2008) Second
consensus statement on the diagnosis of multiple system atrophy.
Neurology 71(9):670-676. https://doi.org/10.1212/01.wnl.00003
24625.00404.15 (PMID:18725592; PMCID:PMC2676993)
Paolillo S, Rengo G, Pagano G, Pellegrino T, Savarese G, Fem-
minella GD, Tuccillo M, Boemio A, Attena E, Formisano R,
Petraglia L, Scopacasa F, Galasso G, Leosco D, Trimarco B,

@ Springer

30.

31.

32.

33.

34.

35.

36.

37.

Cuocolo A, Perrone-Filardi P (2013) Impact of diabetes on car-
diac sympathetic innervation in patients with heart failure: a 1231
meta-iodobenzylguanidine (1231 MIBG) scintigraphic study. Dia-
betes Care 36(8):2395-401. https://doi.org/10.2337/dc12-2147
(Epub 2013 Mar 25. PMID: 23530014; PMCID: PMC3714495)
Wenning GK, Tison F, Seppi K, Sampaio C, Diem A, Yekhlef F,
Ghorayeb I, Ory F, Galitzky M, Scaravilli T, Bozi M, Colosimo
C, Gilman S, Shults CW, Quinn NP, Rascol O, Poewe W, Multiple
System Atrophy Study Group (2004) Development and validation
of the unified multiple system atrophy rating scale (UMSARS).
Mov Disord 19(12):1391-402. https://doi.org/10.1002/mds.20255
(PMID: 15452868)

Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S,
Martinez-Martin P, Poewe W, Sampaio C, Stern MB, Dodel R,
Dubois B, Holloway R, Jankovic J, Kulisevsky J, Lang AE, Lees
A, Leurgans S, LeWitt PA, Nyenhuis D, Olanow CW, Rascol O,
Schrag A, Teresi JA, van Hilten JJ, LaPelle N, Movement Disorder
Society UPDRS Revision Task Force (2008) Movement Disor-
der Society-sponsored revision of the unified Parkinson’s disease
rating scale (MDS-UPDRS): scale presentation and clinimetric
testing results. Mov Disord 23(15):2129-70. https://doi.org/10.
1002/mds.22340 (PMID: 19025984)

Sletten DM, Suarez GA, Low PA, Mandrekar J, Singer W (2012)
COMPASS 31: a refined and abbreviated composite autonomic
symptom score. Mayo Clin Proc 87(12):1196-1201. https://doi.
org/10.1016/j.mayocp.2012.10.013 (PMID:23218087;PMCID:
PMC3541923)

Rodriguez-Blazquez C, Forjaz MJ, Frades-Payo B, de Pedro-
Cuesta J, Martinez-Martin P (2010) Longitudinal Parkinson’s dis-
ease patient study, estudio longitudinal de pacients con enferme-
dad da Parkinson group. Independent validation of the scales for
outcomes in Parkinson’s disease-autonomic (SCOPA-AUT). Eur J
Neurol 17(2):194-201. https://doi.org/10.1111/j.1468-1331.2009.
02788.x (Epub 2009 Sep 23 PMID: 19780808)

Thijs RD, Brignole M, Falup-Pecurariu C, Fanciulli A, Free-
man R, Guaraldi P, Jordan J, Habek M, Hilz M, Pavy-LeTraon
A, Stankovic I, Struhal W, Sutton R, Wenning G, van Dijk JG
(2021) Recommendations for tilt table testing and other provoca-
tive cardiovascular autonomic tests in conditions that may cause
transient loss of consciousness: consensus statement of the Euro-
pean Federation of Autonomic Societies (EFAS) endorsed by the
American Autonomic Society (AAS) and the European Academy
of Neurology (EAN). Auton Neurosci 233:102792. https://doi.
org/10.1016/j.autneu.2021.102792 (Epub 2021 Mar 19 PMID:
33752997)

Fortin J, Habenbacher W, Heller A, Hacker A, Griillenberger R,
Innerhofer J, Passath H, Wagner Ch, Haitchi G, Flotzinger D,
Pacher R, Wach P (2006) Non-invasive beat-to-beat cardiac output
monitoring by an improved method of transthoracic bioimped-
ance measurement. Comput Biol Med 36(11):1185-1203. https://
doi.org/10.1016/j.compbiomed.2005.06.001 (Epub 2005 Aug 29
PMID: 16131462)

Freeman R, Wieling W, Axelrod FB, Benditt DG, Benarroch E,
Biaggioni I, Cheshire WP, Chelimsky T, Cortelli P, Gibbons CH,
Goldstein DS, Hainsworth R, Hilz MJ, Jacob G, Kaufmann H,
Jordan J, Lipsitz LA, Levine BD, Low PA, Mathias C, Raj SR,
Robertson D, Sandroni P, Schatz I, Schondorff R, Stewart JM, van
Dijk JG (2011) Consensus statement on the definition of ortho-
static hypotension, neurally mediated syncope and the postural
tachycardia syndrome. Clin Auton Res 21(2):69-72. https://doi.
org/10.1007/s10286-011-0119-5 (PMID: 21431947)

Fanciulli A, Kerer K, Leys F, Seppi K, Kaufmann H, Norcliffe-
Kaufmann L, Wenning GK (2020) Validation of the neurogenic
orthostatic hypotension ratio with active standing. Ann Neurol
88(3):643-645. https://doi.org/10.1002/ana.25834 (Epub 2020
Jul 14 PMID: 32596818)


https://doi.org/10.1016/j.clineuro.2011.09.004
https://doi.org/10.1016/j.parkreldis.2012.01.009
https://doi.org/10.1002/mds.26424
https://doi.org/10.1002/mds.26424
https://doi.org/10.1016/j.parkreldis.2009.12.010
https://doi.org/10.1016/j.parkreldis.2009.12.010
https://doi.org/10.1136/jnnp-2015-310327
https://doi.org/10.1136/jnnp-2015-310327
https://doi.org/10.1111/ene.13206
https://doi.org/10.1007/s10072-010-0218-4
https://doi.org/10.1007/s10072-010-0218-4
https://doi.org/10.1002/mds.23338
https://doi.org/10.1038/s41531-020-00141-y
https://doi.org/10.1038/s41531-020-00141-y
https://doi.org/10.1007/s00401-005-1013-9
https://doi.org/10.1007/s00401-005-1013-9
https://doi.org/10.1212/01.wnl.0000324625.00404.15
https://doi.org/10.1212/01.wnl.0000324625.00404.15
https://doi.org/10.2337/dc12-2147
https://doi.org/10.1002/mds.20255
https://doi.org/10.1002/mds.22340
https://doi.org/10.1002/mds.22340
https://doi.org/10.1016/j.mayocp.2012.10.013
https://doi.org/10.1016/j.mayocp.2012.10.013
https://doi.org/10.1111/j.1468-1331.2009.02788.x
https://doi.org/10.1111/j.1468-1331.2009.02788.x
https://doi.org/10.1016/j.autneu.2021.102792
https://doi.org/10.1016/j.autneu.2021.102792
https://doi.org/10.1016/j.compbiomed.2005.06.001
https://doi.org/10.1016/j.compbiomed.2005.06.001
https://doi.org/10.1007/s10286-011-0119-5
https://doi.org/10.1007/s10286-011-0119-5
https://doi.org/10.1002/ana.25834

Clinical Autonomic Research (2022) 32:103-114

13

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Norcliffe-Kaufmann L, Kaufmann H, Palma JA, Shibao CA, Biag-
gioni I, Peltier AC, Singer W, Low PA, Goldstein DS, Gibbons
CH, Freeman R, Robertson D (2018) Autonomic disorders con-
sortium. Orthostatic heart rate changes in patients with autonomic
failure caused by neurodegenerative synucleinopathies. Ann Neu-
rol 83(3):522-531. https://doi.org/10.1002/ana.25170 (Epub 2018
Mar 10. PMID: 29405350; PMCID: PMC5867255)

Low PA, Denq JC, Opfer-Gehrking TL, Dyck PJ, O’Brien PC,
Slezak JM (1997) Effect of age and gender on sudomotor and
cardiovagal function and blood pressure response to tilt in nor-
mal subjects. Muscle Nerve 20(12):1561-1568. https://doi.org/10.
1002/(sici)1097-4598(199712)20:12%3¢1561::aid-mus11%3e3.0.
c0;2-3 (PMID: 9390669)

Goldstein DS, Holmes CS, Dendi R, Bruce SR, Li ST (2002)
Orthostatic hypotension from sympathetic denervation in Par-
kinson’s disease. Neurology 58(8):1247-1255. https://doi.org/
10.1212/wnl.58.8.1247 (PMID: 11971094)

Wong KK, Raffel DM, Koeppe RA, Frey KA, Bohnen NI, Gilman
S (2012) Pattern of cardiac sympathetic denervation in idiopathic
Parkinson disease studied with 11C hydroxyephedrine PET. Radi-
ology 265(1):240-247. https://doi.org/10.1148/radiol. 12112723
(Epub 2012 Jul 27. PMID: 22843766; PMCID: PMC3447171)
Lebasnier A, Lamotte G, Manrique A, Peyronnet D, Bouvard G,
Defer G, Agostini D (2015) Potential diagnostic value of regional
myocardial adrenergic imaging using (123)I-MIBG SPECT to
identify patients with Lewy body diseases. Eur J Nucl Med Mol
Imaging 42(7):1043-1051. https://doi.org/10.1007/s00259-015-
2989-6 (Epub 2015 Jan 28 PMID: 25626701)

Sakata K, Iida K, Mochizuki N, Ito M, Nakaya Y (2009) Physi-
ological changes in human cardiac sympathetic innervation and
activity assessed by (123)I-metaiodobenzylguanidine (MIGB)
imaging. Circ J 73(2):310-315. https://doi.org/10.1253/circj.cj-
08-0614 (Epub 2008 Dec 5 PMID: 19057084)

Gill JS, Hunter GJ, Gane G, Camm AJ (1993) Heterogeneity of
the human myocardial sympathetic innervation: in vivo demon-
stration by iodine 123-labeled meta-iodobenzylguanidine scin-
tigraphy. Am Heart J 126(2):390-398. https://doi.org/10.1016/
0002-8703(93)91056-k (PMID: 8338010)

Tsuchimochi S, Tamaki N, Tadamura E, Kawamoto M, Fujita
T, Yonekura Y, Konishi J (1995) Age and gender differences in
normal myocardial adrenergic neuronal function evaluated by
iodine-123-MIBG imaging. J Nucl Med 36(6):969-974 (PMID:
7769454)

Morozumi T, Kusuoka H, Fukuchi K, Tani A, Uehara T, Mat-
suda S, Tsujimura E, Ito Y, Hori M, Kamada T, Nishimura T
(1997) Myocardial iodine-123-metaiodobenzylguanidine images
and autonomic nerve activity in normal subjects. J] Nucl Med
38(1):49-52 (PMID: 8998149)

D’Alto M, Maurea S, Basso A, Varrella P, Polverino W, Bianchi
U, Bonelli A, Salvatore M, Chiariello M (1998) Eterogeneita
dell’innervazione simpatica del miocardio in soggetti normali:
valutazione mediante scintigrafia con iodio-123 metaiodobenzil-
guanidina [The heterogeneity of myocardial sympathetic inner-
vation in normal subjects: an assessment by iodine-123 metaio-
dobenzylguanidine scintigraphy]. Cardiologia 43(11):1231-1236
(PMID: 9922590)

Sakata K, Shirotani M, Yoshida H, Kurata C (1998) Physiological
fluctuation of the human left ventricle sympathetic nervous system
assessed by iodine-123-MIBG. J Nucl Med 39(10):1667-1671
(PMID: 9776265)

Momose M, Kobayashi H, Ikegami H, Nagamatsu H, Sakomura Y,
Aomi S, Kasanuki H, Kusakabe K (2001) Total and partial cardiac
sympathetic denervation after surgical repair of ascending aortic
aneurysm. J Nucl Med 42(9):1346-1350 (PMID: 11535723)
Shimizu M, Ino H, Yamaguchi M, Terai H, Hayashi K, Naka-
jima K, Taki J, Mabuchi H (2002) Heterogeneity of cardiac

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

sympathetic nerve activity and systolic dysfunction in patients
with hypertrophic cardiomyopathy. J Nucl Med 43(1):15-20
(PMID: 11801697)

Somsen GA, Verberne HJ, Fleury E, Righetti A (2004) Normal
values and within-subject variability of cardiac I-123 MIBG scin-
tigraphy in healthy individuals: implications for clinical studies. J
Nucl Cardiol 11(2):126-133. https://doi.org/10.1016/j.nuclcard.
2003.10.010 (PMID: 15052243)

Nakajima K, Matsumoto N, Kasai T, Matsuo S, Kiso K, Okuda
K (2016) Normal values and standardization of parameters in
nuclear cardiology: Japanese Society of Nuclear Medicine work-
ing group database. Ann Nucl Med 30(3):188-199. https://doi.
org/10.1007/s12149-016-1065-z (Epub 2016 Feb 20. PMID:
26897008; PMCID: PMC4819542)

Asghar O, Arumugam P, Armstrong I, Ray S, Schmitt M, Malik
RA (2017) Iodine-123 metaiodobenzylguanidine scintigraphy for
the assessment of cardiac sympathetic innervation and the rela-
tionship with cardiac autonomic function in healthy adults using
standardized methods. Nucl Med Commun 38(1):44-50. https://
doi.org/10.1097/MNM.0000000000000608 (PMID:27898646;P
MCID:PMC5131722)

Roberts G, Lloyd JJ, Jefferson E, Kane JPM, Durcan R, Lawley
S, Petrides GS, Howe K, Haq I, O’Brien JT, Thomas AJ (2019)
Uniformity of cardiac 123I-MIBG uptake on SPECT images in
older adults with normal cognition and patients with dementia. J
Nucl Cardiol. https://doi.org/10.1007/s12350-019-01977-5 (Epub
ahead of print. PMID: 31820410)

Crick SJ, Wharton J, Sheppard MN, Royston D, Yacoub MH,
Anderson RH, Polak JM (1994) Innervation of the human cardiac
conduction system. A quantitative immunohistochemical and his-
tochemical study. Circulation 89(4):1697-708. https://doi.org/10.
1161/01.cir.89.4.1697 (PMID: 7908612)

Kawano H, Okada R, Yano K (2003) Histological study on the dis-
tribution of autonomic nerves in the human heart. Heart Vessels
18(1):32-39. https://doi.org/10.1007/s003800300005 (PMID:
12644879)

Kimura K, Ieda M, Fukuda K (2012) Development, maturation,
and transdifferentiation of cardiac sympathetic nerves. Circ Res
110(2):325-336. https://doi.org/10.1161/CIRCRESAHA.111.
257253 (PMID: 22267838)

Giannoccaro MP, Donadio V, Incensi A, Pizza F, Cason E, Di
Stasi V, Martinelli P, Scaglione C, Capellari S, Treglia G, Liguori
R (2015) Skin biopsy and I-123 MIBG scintigraphy findings in
idiopathic Parkinson’s disease and parkinsonism: a comparative
study. Mov Disord 30(7):986-989. https://doi.org/10.1002/mds.
26189 (Epub 2015 Mar 17 PMID: 25778097)

Oka H, Toyoda C, Yogo M, Mochio S (2011) Reduced cardiac
1231-MIBG uptake reflects cardiac sympathetic dysfunction in de
novo Parkinson’s disease. J Neural Transm (Vienna) 118(9):1323—
1327. https://doi.org/10.1007/s00702-011-0598-5 (Epub 2011
Feb 18 PMID: 21331459)

Kaufmann H, Norcliffe-Kaufmann L, Palma JA (2020) Baroreflex
dysfunction. N Engl J Med 382(2):163-178. https://doi.org/10.
1056/NEJMral1509723 (PMID: 31914243)

Rocchi C, Pierantozzi M, Galati S, Chiaravalloti A, Pisani V,
Prosperetti C, Lauretti B, Stampanoni Bassi M, Olivola E, Schil-
laci O, Stefani A (2015) Autonomic function tests and MIBG
in Parkinson’s disease: correlation to disease duration and motor
symptoms. CNS Neurosci Ther 21(9):727-732. https://doi.org/10.
1111/cns.12437 (Epub 2015 Jul 24. PMID: 26205884; PMCID:
PMC6493143)

Berganzo K, Tijero B, Somme JH, Llorens V, Sanchez-Manso
JC, Low D, lodice V, Vichayanrat E, Mathias CJ, Lezcano E,
Zarranz JJ, Gomez-Esteban JC (2012) SCOPA-AUT scale in dif-
ferent parkinsonisms and its correlation with (123) I-MIBG car-
diac scintigraphy. Parkinson Relat Disord 18(1):45—48. https://doi.

@ Springer


https://doi.org/10.1002/ana.25170
https://doi.org/10.1002/(sici)1097-4598(199712)20:12%3c1561::aid-mus11%3e3.0.co;2-3
https://doi.org/10.1002/(sici)1097-4598(199712)20:12%3c1561::aid-mus11%3e3.0.co;2-3
https://doi.org/10.1002/(sici)1097-4598(199712)20:12%3c1561::aid-mus11%3e3.0.co;2-3
https://doi.org/10.1212/wnl.58.8.1247
https://doi.org/10.1212/wnl.58.8.1247
https://doi.org/10.1148/radiol.12112723
https://doi.org/10.1007/s00259-015-2989-6
https://doi.org/10.1007/s00259-015-2989-6
https://doi.org/10.1253/circj.cj-08-0614
https://doi.org/10.1253/circj.cj-08-0614
https://doi.org/10.1016/0002-8703(93)91056-k
https://doi.org/10.1016/0002-8703(93)91056-k
https://doi.org/10.1016/j.nuclcard.2003.10.010
https://doi.org/10.1016/j.nuclcard.2003.10.010
https://doi.org/10.1007/s12149-016-1065-z
https://doi.org/10.1007/s12149-016-1065-z
https://doi.org/10.1097/MNM.0000000000000608
https://doi.org/10.1097/MNM.0000000000000608
https://doi.org/10.1007/s12350-019-01977-5
https://doi.org/10.1161/01.cir.89.4.1697
https://doi.org/10.1161/01.cir.89.4.1697
https://doi.org/10.1007/s003800300005
https://doi.org/10.1161/CIRCRESAHA.111.257253
https://doi.org/10.1161/CIRCRESAHA.111.257253
https://doi.org/10.1002/mds.26189
https://doi.org/10.1002/mds.26189
https://doi.org/10.1007/s00702-011-0598-5
https://doi.org/10.1056/NEJMra1509723
https://doi.org/10.1056/NEJMra1509723
https://doi.org/10.1111/cns.12437
https://doi.org/10.1111/cns.12437
https://doi.org/10.1016/j.parkreldis.2011.08.018

114

Clinical Autonomic Research (2022) 32:103-114

org/10.1016/j.parkreldis.2011.08.018 (Epub 2011 Sep 9 PMID:
21908227)

Horsager J, Andersen KB, Knudsen K, Skjerbak C, Fedorova TD,
Okkels N, Schaeffer E, Bonkat SK, Geday J, Otto M, Sommerauer
M, Danielsen EH, Bech E, Kraft J, Munk OL, Hansen SD, Pavese

63.

@ Springer

N, Goder R, Brooks DJ, Berg D, Borghammer P (2020) Brain-
first versus body-first Parkinson’s disease: a multimodal imaging
case-control study. Brain 143(10):3077-3088. https://doi.org/10.
1093/brain/awaa238 (PMID: 32830221)


https://doi.org/10.1016/j.parkreldis.2011.08.018
https://doi.org/10.1093/brain/awaa238
https://doi.org/10.1093/brain/awaa238

	Cardiac sympathetic innervation in Parkinson’s disease versus multiple system atrophy
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Study design and participants
	Clinical examination and rating scales
	Cardiac 123I-MIBG imaging
	123I-MIBG SPECT-CT
	Planar 123I-MIBG scintigraphy
	Cardiovascular autonomic function
	Statistical analyses

	Results
	Demographic and clinical characteristics
	123I-MIBG SPECT-CT
	Patterns of regional differences 123I-MIBG uptake in patients with non-homogeneously reduced tracer uptake.
	Cardiovascular autonomic function and cardiac 123I-MIBG uptake

	Discussion
	References




