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Abstract
Background: Vagal atrophy is a hallmark of Parkinson’s disease (PD) and has been found 
to be associated with autonomic dysfunction, while analyses of the vagus nerve (VN) in 
atypical Parkinsonian syndromes (APS) have not yet been performed. We here investigate the 
characteristics of the VN in multiple system atrophy (MSA) and progressive supranuclear palsy 
(PSP) and, in a second step, its potential as a possible biomarker for orthostatic dysregulation.
Objectives: The aim was to compare the VN pathology in MSA and PSP with healthy individuals 
and patients with PD as a differentiating factor and to further analyse the correlation of the VN 
with clinical parameters and cardiovascular response.
Design: We conducted a monocentric, cross-sectional cohort study in 41 APS patients and 
compared nerve ultrasound (NUS) parameters with 90 PD patients and 39 healthy controls.
Methods: In addition to a detailed neurological history and examination, several clinical 
severity and motor scores were obtained. Autonomic symptoms were reported in the Scales 
for Outcomes in Parkinson’s Disease – Autonomic questionnaire. Further scores were used 
to detect other non-motor symptoms, quality of life and cognition. Additionally, we performed 
a head up tilt test (HUTT) and NUS of the VN. We conducted correlation analyses of the 
VN cross-sectional area (CSA) with clinical scores and the heart rate and blood pressure 
variability parameters of the HUTT.
Results: The examination demonstrated a high prevalence of abnormal autonomic response 
in both MSA (90%) and PSP (80%). The VN CSA correlated with spectral parameters of the 
HUTT, which are associated with sympatho-vagal imbalance. In addition, the CSA of the VN in 
patients with PD and PSP were significantly smaller than in healthy controls. In MSA, however, 
there was no marked vagal atrophy in comparison.
Conclusion: The occurrence of autonomic dysfunction was high in MSA and PSP, which 
underlines its impact on these syndromes. Our findings indicate a connection between vagal 
pathology and autonomic dysfunction and might contribute to a better comprehension of 
APS. To further evaluate the clinical relevance and the VN as a possible marker of autonomic 
dysfunction in APS, prospective longitudinal observations are necessary.
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Introduction
Parkinsonian syndromes belong to the group of 
extrapyramidal motor movement disorders and 
are defined by a variety of symptoms such as 
brady- or hypokinesia, rigour, tremor and pos-
tural instability.1

In addition, atypical Parkinsonian syndromes 
(APS) are characterized by a range of additional 
motor and non-motor symptoms. These can be 
further categorized as multiple system atrophy 
(MSA), progressive supranuclear palsy (PSP), 
Lewy body dementia (LBD) and corticobasal 
degeneration (CBD). Overall, patients with 
APS show a rapid disease progression, a poorer 
dopaminergic treatment response2 and can be 
further subdivided based on their underlying 
neuropathology.1

The α-synucleinopathies include Parkinson’s dis-
ease (PD), MSA and LBD, while the tauopathies 
are represented by PSP and CBD. The abnormal 
protein deposits are found in different cell types 
in each disease. In α-synucleinopathies, deposits 
are found not only in neurons in all three types 
but also in oligodendrocytes in MSA. Tauopathies 
affect neurons as well as oligodendrocytes and 
astrocytes. In this work, we focused on the atypi-
cal syndromes MSA and PSP.

As mentioned above, MSA is characterized by the 
deposition of aggregated α-synuclein, particularly 
in the cytoplasm of oligodendrocytes. This leads 
to the appearance of glial cytoplasmic inclusions 
(GCI), which are characteristic for the disease 
and affect different regions of the brain at differ-
ent densities.3 A higher density of GCIs is associ-
ated with neurodegeneration.4

As the name suggests, MSA affects many sys-
tems and regions of the brain. In particular, a 
distinction is made between striatonigral and 
olivopontocerebellar atrophy, which leads to 
the Parkinson’s type (MSA-P) and cerebellar 
type (MSA-C) subtypes5 with different pre-
dominant motor syndromes.6 Furthermore, 
MSA presents with pronounced autonomic 
dysfunction in the sense of orthostatic hypoten-
sion (OH), bladder dysfunction and erectile 
dysfunction. Pathological protein deposits in 
preganglionic neurons are discussed as a corre-
late of the frequently occurring OH, which is 
also used for diagnostic criteria.7,8

In PSP, as in CBD, tau is found as the underlying 
pathological protein deposition.9 Tau becomes 
hyperphosphorylated, which inhibits its proteo-
lytic degradation.10 This leads to its accumulation 
in various areas of the brain, particularly the basal 
ganglia (more specifically the pallidum, substan-
tia nigra and subthalamic nucleus), brainstem 
and diencephalon.11

There are different subtypes of PSP, character-
ized by a wide range of phenotypic symptoms. 
These in turn correlate with a different neuro-
pathological distribution. The subtypes PSP-
Richardson and PSP-Parkinson are considered to 
be the most common clinical presentations. 
Patients with PSP show oculomotor disturbances, 
speech and language disorders and early postural 
instability in addition to the hypokinetic-rigid 
syndrome. Autonomic symptoms such as consti-
pation or cardiovascular dysfunction also occur,12 
but they are less frequent than in the synucle-
inopathies. According to the criteria of Höglinger 
et al.,13 severe OH even contradicts the diagnosis 
of PSP.

The diagnosis of APS is challenging, as there is a 
large overlap of a broad spectrum of symptoms 
with other diseases. These include not only the 
various forms of Parkinson but also other neuro-
degenerative diseases. Diagnosis is particularly 
difficult in the early phase of the disease, despite 
the pathophysiological differences, as some symp-
toms only become apparent as the disease pro-
ceeds and the course of the disease can be a 
decisive feature in the assessment.

Biomarkers can contribute to a better under-
standing of the disease and highlight commonali-
ties within the syndromes. This will make patients 
eligible for trials and possibly disease-modifying 
therapies and will help predict the course of the 
disease.

In addition, the disease can present with a wide 
range of symptoms that can also be easily over-
looked as they are not always recognized as being 
associated with the disease. With better biomark-
ers, these can be better identified and treated, and 
patients can be provided with improved informa-
tion and awareness.

There are certain current approaches which focus 
on the detection of new biomarkers. One of the 
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promising approaches includes α-synuclein seed 
amplification assays from different biological tis-
sues14,15 in PD and APS. However, meta-analyses 
show that the selectivity, for example, between 
the respective synucleinopathies, varies consider-
ably depending on the study.

There have also been studies of imaging in 
patients with Parkinson’s. Differentiation between 
the syndromes is not always possible and is influ-
enced by the clinical stage of the disease, which 
means that the accuracy differs. In the early stages 
of the disease, neuroimaging can also be com-
pletely unremarkable.16 The choice of imaging 
technique is also important. It is a tool that 
appears to be inadequate without the addition of 
further parameters.17

Another approach is the analysis of extracellular 
vesicles. α-Synuclein from the central nervous 
system could be stored in these vesicles and ana-
lysed in different body fluids. However, the results 
published so far have been heterogeneous and not 
always reproducible. A meta-analysis has also 
shown that it is not sufficient to distinguish 
between atypical syndromes.18,19

Pathological protein deposits in the context of 
Parkinson’s syndromes also affect the peripheral 
nervous system (PNS) and can be associated 
with axonal polyneuropathy. This was also evi-
dent in patients with MSA and PSP in our own 
preliminary work.20 An atrophy of the vagus 
nerve (VN) in patients with PD is reported21 but 
not yet well understood, whereas studies in APS 
are limited.

The VN, as part of the PNS, is significantly 
involved in the parasympathetic regulation  
of the circulatory system and orthostatic func-
tions are regulated from the interaction of the 
sympathetic and VNs. Since the autonomic 
nervous system (ANS) and VN pathology is 
implicated in the pathophysiology of PD, it is of 
particular interest to understand its functions 
properly.22,23

With the nerve ultrasound (NUS) it is possible to 
achieve precise images of the nerval morphology 
mostly in the diagnostic of polyneuropathies,24,25 
especially in inflammatory types like Guillain–
Barré syndrome or chronic inflammatory demyeli-
nating polyneuropathy.26,27 A widely used measure 

is the cross-sectional area (CSA) in mm², which 
can indicate nerval enlargements due to not only 
demyelination and inflammation28 but also atro-
phy. Vagal atrophy has already been discussed in 
recent publications as a sign of parasympathetic 
dysfunction.25

In PD, the value of NUS is discussed more con-
troversially, as there was found a significant CSA 
reduction21,29–32 as well as no difference to con-
trols.33 For APS, on the other hand, studies are 
scarce.

Studies investigating the CSA of the VN in NUS 
in patients with idiopathic PD show a vagal atro-
phy mostly of the right vagal nerve.21,29,30 Similar 
studies on APS are needed.

To date, there have been few correlation analyses 
of VN with other parameters, which will be cru-
cial for a deeper understanding of vagus pathol-
ogy in the future. In our own preceding work,28 
we were able to show for the first time an associa-
tion of vagus pathology with spectral analysis 
parameters in head up tilt test (HUTT).

Based on our preliminary data on vagal atrophy, 
which we analysed in a cohort of patients with 
PD, we decided to investigate NUS in two repre-
sentatives of APS. This included not only the 
characteristics of the VN but also the correlation 
with the orthostatic components measured on the 
tilt table. It was appropriate to examine MSA 
more closely due to the aspect of autonomic dys-
function characterizing the disease. On the one 
hand, the PSP provides a comparative cohort of a 
Parkinson’s syndrome with primary tauopathy for 
comparison with the other groups. Furthermore, 
there are published studies suggesting an influ-
ence of VN on autonomic symptoms in patients 
with PSP.

In this study we investigate the functional signifi-
cance of ultrasound imaging of the VN in MSA 
and PSP in relation to tilt table parameters and 
clinical data. We will also compare the CSA of the 
VN with patients with PD and healthy controls. 
The aim is to find out whether vagal atrophy 
develops in patients with MSA and PSP and 
whether this can be helpful in detecting the dis-
ease pattern but also correlates with other impor-
tant symptoms and allows inferences to be made 
about orthostatic regulation.
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Methods

Inclusion of patients and controls
We conducted a monocentric, cohort study at St. 
Josef-Hospital in Bochum, Germany, including 
patients who fulfilled either the clinical criteria for 
MSA according to Gilman et al.7 or PSP accord-
ing to Höglinger et  al.13 We recruited patients 
who presented to the outpatient or inpatient neu-
rological department and were treated by move-
ment disorder specialists. In addition, we 
considered the further clinical course and exami-
nation parameters of longitudinal examinations 
as well as additional available patient data such as 
imaging of the brain.

Our study involved patients diagnosed with PD 
according to the criteria of the United Kingdom 
Parkinson’s Society Brain Bank34 and the 
Movement Disorders Society.35 Individuals 
affected by other recognized causes of neuropathy 
(including diabetes mellitus and a history of alco-
hol abuse) were excluded from the study.

We retrospectively utilized a control group 
(n = 39, female = 18, male = 21) that had under-
gone sonographic examination in our clinic for 
reasons unrelated to polyneuropathy. For this 
control group, we excluded all acknowledged 
causes of polyneuropathy.

The study is listed in the German clinical trials 
registry (DRKS-ID: DRKS00020752, https://
drks.de/search/de/trial/DRKS00020752), and 
our study protocol was approved by the local uni-
versity ethics committee (Medical Faculty of 
Ruhr University Bochum, Reg. Nr. 18-6360). We 
obtained written consent from all examined 
patients. The study was implemented in accord-
ance with the ethical standards set out in the 1964 
Declaration of Helsinki and its subsequent 
amendments.

Exclusion criteria were polyneuropathy-associ-
ated diseases such as insulin-dependent diabetes 
mellitus, drug or alcohol dependence in the last 
6 months, stereotactic surgery, electroconvulsive 
therapy in the last 180 days, severe depression 
with suicidality or severe dementia (Mini-Mental 
State Exam < 10).

In total, we included 41 patients with APS 
between 10/2018 and 09/2021, eventually being 
able to perform a HUTT with 20 patients affected 

by MSA and 10 affected by PSP due to disease 
severity (Supplemental Figure 1 gives an over-
view of the inclusion process).

Clinical parameters
All patients received a detailed medical history 
and clinical examination.

Demographic data were collected in the form of 
patient age, age at onset of the disease, duration 
of the disease and the levodopa equivalent dose 
and gender.

Furthermore, important clinical scores validated 
for Parkinson were collected.

Disease severity and motor examination were 
recorded in the modified Hoehn and Yahr (H&Y) 
scale,36 the MDS-Unified Parkinson’s Disease 
Rating Scale (UPDRS I–IV)37 and disease-spe-
cific either the MDS-Unified Multiple System 
Atrophy Rating Scale38 or Progressive 
Supranuclear Palsy Rating Scale.39

Autonomic symptoms were detected using the 
Scales for Outcomes in Parkinson’s Disease-
Autonomic Dysfunction (SCOPA-AUT).40,41 
Quality of life and non-motor symptoms were 
assessed using the Parkinson’s Disease 
Questionnaire (PDQ-39)42 and Non-motor 
Symptoms-Score (NMS-Quest).43 For cognition 
testing, a Montreal Cognitive Assessment44 was 
performed. Neuropathic scores were also deter-
mined with the Neuropathy Deficit score and 
Neuropathy Symptom score.45

Nerve ultrasound
In our study, NUS was conducted under the 
supervision of KP with at least 10 years of neuro-
muscular ultrasound experience (performed by 
LS, SH). All our patients were examined with an 
Affinity® 70G ultrasound system (Philips, 
Hamburg, Germany), using an 18-MHz linear 
array transducer. The investigation was always 
conducted in supine position. To avoid artificial 
compression of the nerve in the image, it was cru-
cial not to apply more force than the weight of the 
transducer at the site. Measurements of the CSA 
were performed at the inner border of the thin 
hyperechoic epineural rim by continuous tracing. 
This procedure is widely described in previous 
studies.43,46
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To guarantee reliable CSA values and to ensure a 
reliable isotropy the transducer was kept vertical 
to the nerve. We measured the VN on both sides 
at the level of the carotid bulb between the com-
mon carotid artery and the internal jugular vein.

Head up tilt test
A Task Force® Monitor system 3040i (CN 
System, Graz, Austria) was used for the HUTT. 
The test was performed at least 2 h later than 
meals.

After 5 min in resting position, the tilt table was 
raised to 70 degrees so that the patients had to 
stand for 10 min. Patients who had previously 
experienced severe complications such as dizziness 
or who experienced pain while standing were 
examined for a shorter duration. The follow-up 
time in the supine position was again at least 3 min.

During the whole time, heart rate (HR) and sys-
tolic and diastolic blood pressure (sBP, dBP) were 
continuously recorded as well as parameters for 
HR (HRV) and blood pressure variability (BPV).

For this purpose, different frequency bands were 
determined by means of spectral analysis. Power 
spectral analysis (PSD) includes all frequency 
bands up to 0.4 Hz. Other frequency bands 
include high frequency (HF, 0.15–0.4 Hz), low 
frequency (LF, 0.04–0.15 Hz) and very low fre-
quency (VLF, 0.003–0.05 Hz). These values were 
also expressed as normalized units (nu).

Furthermore, an LF/HF ratio is calculated. The 
frequency bands are subject to various autono-
mous influences of the ANS.

Based on HR and blood pressure measurements, 
patients were either classified into a group with a 
physiological orthostatic response or subdivided 
into different pathological groups. Therefore, OH 
with a drop in blood pressure of at least 20 mmHg 
systolic or 10 mmHg diastolic during standing was 
considered pathological.47 Chronotropic incom-
petence (as a possible precursor of orthostatic dys-
regulation)48 was defined as a failure to increase 
HR by at least 10% or 10 bpm while standing.

Statistics
For data collection, statistical analysis and graphs 
we used the programmes Microsoft Excel and 

IBM SPSS Statistics 27. The Shapiro–Wilk test 
was used to test the values for normal distribu-
tion. Group comparisons for significance were 
made with the Cohen’s d test or the analysis of 
variance (ANOVA) test. Correlations were made 
with Pearson or Spearman depending in either 
normally or non-normally distributed data. We 
considered all p values ⩽0.05 to be significant.

Results

Clinical data and prevalence of abnormal 
orthostatic response
The cohort of patients, who received a tilt table 
examination showed the following characteristics 
(shown in Tables 1 and 2). In the group of MSA 
patients, 35% were female. The mean age at 
examination was 71.4 ± 8.4 with a disease dura-
tion of 2.9 ± 2.4 years. The median H&Y score, 
which reflects disease severity, was 3. The motoric 
outcome in the MDS-UPDRS III was 42.1 ± 12.9. 
Autonomic symptoms, that were reported in the 
SCOPA-AUT, showed an average score of 
20 ± 11.2 and the PDQ-39, evaluating the quality 
of life, 34.2 ± 17.1. Non-motoric symptoms were 
detected with the NMS-Quest with an average 
score of 10.53 ± 4.98.

Overall, there was a high prevalence of orthostatic 
dysfunction (OD) in MSA at assessment. More 
specifically, 55% had OH and 35% CI (Figure 1). 
Patients with OD, consisting of either OH or CI, 
showed a significant worse motor examination in 
the MDS-UPDRS III (p = 0.015) in comparison 
with patients without an OD.

Autonomic symptoms that were evaluated  
in the SCOPA-AUT were significantly associ-
ated with a higher burden of disease in our  
MSA cohort, both motoric in the MDS-UPDRS 
III (p = 0.015) and in quality of life measured  
in the PDQ-39 (p = 0.017) (data shown in 
Supplemental Figure 4).

In our PSP cohort, 40% of the patients were 
women. The mean age at examination was 
71.6 ± 8 and the duration of disease 3.2 ± 3.4  
years. Disease severity in the H&Y scale showed a 
median of 3.5. The motoric examination in the 
MDS-UPDRS III was 38.4 ± 13.4 points. In the 
SCOPA-AUT score, we measured an average of 
17.1 ± 9.7 and the PDQ-39-score was 31 ± 18.5. 
The NMS-Quest showed 9 ± 4.88 points.

https://journals.sagepub.com/home/tan
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Table 1.  Demographical and clinical data shown as mean value ± standard deviation (SD), p-value, standard error (SE) and effect 
strength (r) calculated with Cohen’s d Test, compared for patients without orthostatic dysregulation (OD) and with OD in form of 
orthostatic hypotension (OH) or chronotropic incompetence (CI) in multiple system atrophy (MSA).

Demographical and  
clinical data

MSA without OD (n = 2) MSA with OH or CI (n = 18) p r

  Mean ± SD SE Mean ± SD SE

Age (years) 65.0 ± 11.3 8.0 72 ± 8.1 1.9 0.268 8.29

Disease duration (years) 2.5 ± 2.1 1.5 2.9 ± 2.5 0.6 0.835 2.48

LED 646 ± 161.2 114 555.8 ± 309.4 72.9 0.694 303.08

H&Y median (IQR) 3.25 3 (1)  

MDS-UPDRS III 19 ± 9.9 7.0 43.4 ± 12.3 2.9 0.015* 12.16

SCOPA-AUT 11.5 ± 3.5 2.5 19.4 ± 9.8 2.5 0.288 9.56

PDQ-39 51 ± 31 9.8 58.6 ± 34.5 4.8 0.777 19.74

NMS-Quest 4.5 ± 0.7 0.5 11.3 ± 4.7 1.2 0.066 4.57

CSA right VN (mm2) 2.77 ± 0.02 0.02 2.34 ± 0.68 0.18 0.402 0.66

CSA left VN (mm2) 2.4 ± 0.52 0.37 1.96 ± 0.45 0.12 0.223 0.46

Bold values indicate significant results.
CI, chronotropic incompetence; CSA, cross-sectional area; H&Y, Hoehn and Yahr scale; IQR, interquartile range; LED, levodopa-equivalent dose; 
MDS-UPDRS III, MDS-Unified Parkinson’s Disease Rating Scale; MSA, multiple system atrophy; NMS-Quest, non-motor symptoms questionnaire; 
OD, orthostatic dysfunction; OH, orthostatic hypotension; PDQ, Parkinson’s Disease Questionnaire; SCOPA-AUT, Scales for Outcomes in Parkinson’s 
Disease-Autonomic Dysfunction; SD, standard deviation; SE, standard error; VN, vagus nerve.
*p < 0.05.

A total of 80% of the PSP patients revealed 
abnormal autonomic response in HUTT in total. 
Thirty percent featured an OH and 50% CI 
(Figure 2). Patients with either OH or CI had a 
higher score in the NMS-Quest (p = 0.041) in 
comparison to those without an OD (Tables 1 
and 2).

Also in the PSP cohort, autonomic symptoms in 
the SCOPA-AUT correlated significantly with 
the MDS-UPDRS III (p = 0.044) as well as the 
PDQ-39 (p = 0.011)) (data shown in Supplemental 
Figure 5).

Tables 1 and 2 provides an overview of the col-
lected demographic and clinical data as well as 
the average values of the CSA from the VN. We 
differentiated between MSA and PSP and com-
pared patients with and without OD.

Figure 1(a) and (b) shows the distribution of the 
different orthostatic regulation disturbances of 
MSA and PSP.

Sonomorphological data of the VN
Furthermore, we compared the vagus CSA values 
of all examined patients with controls. Thereby 
we also included these without tilt table examina-
tion and patients with the diagnosis of PD (Tables 
3–5 and Figure 3(a)–(c)).

The VN CSA of all patient cohorts were smaller 
compared to the control group, whereas there was 
only a significant difference between the VN CSA 
at both sides of the PD sample (right p = 0.02; left 
p = 0.05), both VN CSA of the PSP group (right 
p = 0.008; left p = 0.044) and the controls (Figure 
2). Compared to each other via ANOVA test, it 
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Table 2.  Demographical and clinical data shown as mean value ± standard deviation (SD), p-value, standard error (SE) and effect 
strength (r) calculated with Cohen’s d Test, compared for patients without orthostatic dysregulation (OD) and with OD in form of 
orthostatic hypotension (OH) or chronotropic incompetence (CI) in progressive supranuclear palsy (PSP).

Demographical and  
clinical data

PSP without OD (n = 2) PSP with OH or CI (n = 8) p r

  Mean ± SD SE Mean ± SD SE

Age (years) 78 ± 11.3 8 69.9 ± 7 2.5 0.218 7.69

Disease duration (years) 1 ± 1.4 1 3.6 ± 3.5 1.2 0.351 3.35

LED 325 ± 247.5 175 435 ± 364.4 (n = 7) 137.7 0.707 350

H&Y median (IQR) 3.5 3 (1)  

MDS-UPDRS III 37 ± 5.7 4 37.9 ± 13.9 (n = 7) 5.2 0.937 13.01

SCOPA-AUT 16.5 ± 9.2 6.5 16 ± 8.9 3.1 0.945 8.89

PDQ-39 95.5 ± 20.5 14.5 48.6 ± 31.7 11.2 0.088 30.57

NMS-Quest 13.5 ± 0.7 0.5 7.3 ± 3.5 1.2 0.041* 3.24

CSA right VN (mm2) 2.23 ± 0.02 0.02 2.09 ± 0.45 0.18 0.692 0.43

CSA left VN (mm2) 2.34 ± 0.11 0.37 1.74 ± 0.41 0.12 0.085 0.38

Bold values indicate significant results.
CI, chronotropic incompetence; CSA, cross-sectional area; H&Y, Hoehn and Yahr scale; IQR, interquartile range; LED, levodopa-equivalent dose; 
MDS-UPDRS III, MDS-Unified Parkinson’s Disease Rating Scale; NMS-Quest, non-motor symptoms questionnaire; OD, orthostatic dysfunction; 
OH, orthostatic hypotension; PDQ, Parkinson’s Disease Questionnaire; PSP, progressive supranuclear palsy; SCOPA-AUT, Scales for Outcomes in 
Parkinson’s Disease-Autonomic Dysfunction; SD, standard deviation; SE, standard error; VN, vagus nerve.
*p < 0.05.

Figure 1.  Prevalence of of abnormal hemodynamic response in head up tilt testing (HUTT) in multiple system 
atrophy (MSA) (a) and progressive supranuclear palsy (PSP) (b).
CI, chronotropic incompetence; n, number of subjects included; OH, orthostatic hypotension;.
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Figure 2.  Values of the right (a), left (b) and mean (c) vagus nerve (VN) cross-sectional area (CSA) in all 
subjects.
The right (p=0.02) and left (p=0.05) VN of the PD group are significantly smaller compared with controls. The right (p=0.08) 
and the left (p=0.046) VN is significantly smaller in the PSP cohort compared to controls.
There were no statistically significant differences between the groups.
CSA, cross-sectional area; MSA, multiple system atrophy; PD, Parkinson’s Disease, PSP, progressive supranuclear palsy; 
VN, vagus nerve; 
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Table 5.  Demographical data and cross-sectional area (CSA) values of the vagal nerve (VN) in subjects with progressive 
supranuclear palsy (PSP) compared to controls. Shown are mean values ± standard deviations (SD), standard error (SE), p-value and 
effect sizes (r) calculated with Cohen’s d test.

Demographical and VN data Controls (n = 39) SE PSP (n = 14) SE p r

Sex (m:f) 21:18 8:6  

Mean age (years) 66.8 ± 10.7 1.7 70.07 ± 7.8 2.1 0.303 10.0

CSA right VN ± SD (mm2) 2.47 ± 0.54 0.09 2.04 ± 0.4 0.11 0.008* 0.51

CSA left VN ± SD (mm2) 2.2 ± 0.47 0.08 1.89 ± 0.5 0.13 0.044* 0.48

CSA mean VN ± SD (mm2) 2.34 ± 0.41 0.07 1.97 ± 0.35 0.09 0.004* 0.40

Bold values indicate significant results.
CSA, cross-sectional area; PSP, progressive supranuclear palsy; SD, standard deviation; SE, standard error; VN, vagus nerve.
*p < 0.05.

Table 3.  Demographical data and cross-sectional area (CSA) values of the vagal nerve (VN) in subjects with Parkinson’s Disease (PD) 
compared to controls. Shown are mean values ± standard deviations (SD), standard error (SE), p-value and effect sizes (r) calculated 
with Cohen’s d test.

Demographical and VN data Controls (n = 39) SE PD (n = 90) SE p r

Sex (m:f) 21:18 49:41  

Mean age (years) 66.8 ± 10.7 1.7 69.5 ± 10.2 1.1 0.173 10.4

CSA right VN ± SD (mm2) 2.47 ± 0.54 0.09 2.16 ± 0.49 0.05 0.002* 0.51

CSA left VN ± SD (mm2) 2.2 ± 0.47 0.08 1.91 ± 0.54 0.06 0.005* 0.52

CSA mean VN ± SD (mm2) 2.34 ± 0.41 0.07 2.04 ± 0.46 0.05 <0.001* 0.45

Bold values indicate significant results.
*p < 0.05.

Table 4.  Demographical data and cross-sectional area (CSA) values of the vagal nerve (VN) in subjects with multiple system atrophy 
(MSA) compared to controls. Shown are mean values ± standard deviations (SD), standard error (SE), p-value and effect sizes (r) 
calculated with Cohen’s d test.

Demographical and VN data Controls (n = 39) SE MSA (n = 20) SE p r

Sex (m:f) 21:18 10:10  

Mean age (years) 66.8 ± 10.7 1.7 69.4 ± 9.8 2.1 0.380 10.4

CSA right VN ± SD (mm2) 2.47 ± 0.54 0.09 2.26 ± 0.61 0.14 0.185 0.56

CSA left VN ± SD (mm2) 2.2 ± 0.47 0.08 1.95 ± 0.52 0.12 0.073 0.49

CSA mean VN ± SD (mm2) 2.34 ± 0.41 0.07 2.09 ± 0.54 0.12 0.053 0.46

CSA, cross-sectional area; MSA, multiple system atrophy; SD, standard deviation; SE, standard error; VN, vagus nerve.
*p < 0.05.
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did not appear any significant difference between 
the pathologies (data shown in Supplemental 
Table 5).

NUS data of the VN could be collected from 90 
patients with PD, 20 with MSA, 14 with PSP and 
39 healthy controls. The sample size is larger here 
because NUS could also be performed on patients 
whose autonomous functions were too severely 
affected for the tilt table.

As shown in Tables 3–5, NUS revealed a side 
dependent difference of the VN CSA (mm²) in 
MSA with a larger CSA on the right side com-
pared to the left side. The VN CSA was 
2.26 ± 0.61 mm2 on the right and 1.95 ±  
0.52 mm2 on the left, which was significantly 
smaller (p = 0.008). For PD (p < 0.001) and 
healthy controls (p = 0.005), the comparison 
was as well significant. In our PSP cohort, the 
VN CSA showed 2.04 ± 0.4 mm² on the right 
and 1.89 ± 0.5 mm2 on the left. The side-
dependent difference was not significant in this 
group.

Furthermore, we found no statistically significant 
difference in the CSA of the VN between the dif-
ferent subtypes (data shown in the Supplemental 
Tables 2–4).

Figure 3 shows representative ultrasound VN 
images of a patients with MSA ((a) and (b)) and 
PSP ((c) and (d)).

Correlations
We performed correlation analyses of the VN 
CSA with clinical scores and the HRV and BPV 
parameters of the HUTT in the MSA and PSP 
group. In both cohorts, the VN CSA did not cor-
relate significantly with age or disease duration 
(data shown in the Supplemental Table 1, 
Supplemental Figures 2 and 3).

However, the VN showed a correlation with sev-
eral autonomic parameters measured in the HUTT 
study that were different in MSA and PSP. Tables 
6 and 7 provide an overview of the significant cor-
relations, which are shown graphically in Figure 4.

Figure 3.  Representative nerve ultrasound (NUS) images of the vagus nerve (VN) in a patient with MSA (a, b) 
and with PSP (c, d). The nerve is located between the carotid artery and the jugular vein.
CSA, cross-sectional area; MSA, multiple system atrophy; PSP, progressive supranuclear palsy.
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Table 6.  Correlational analysis of the vagus nerve (VN) cross-sectional area (CSA) with head up tilt test (HUTT) parameters in 
patients with multiple system atrophy (MSA). Correlations were performed using Pearson unless otherwise stated.

HUTT parameters Vagus right Vagus left Vagus mean

  r p r p r p

LF/HF-sBP

  LF/HF-sBP rest −0.663 0.007* −0.376 0.017* −0.603 0.017*

  LF/HF-sBP upright −0.654 0.008* −0.381 0.179 −0.601 0.018*

  LF/HF-sBP supine −0.668 0.018* −0.324 0.331 −0.584 0.046*

LF/HF-dBP

  LF/HF-dBP rest −0.325 0.219 0.067 0.811 −0.173 0.522

  LF/HF-dBP upright −0.349 0.186 0.138 0.624 −0.154 0.569

  LF/HF-dBP supine −0.584 0.036* −0.227 0.479 −0.495 0.086

Lfnu-sBP

  Lfnu-sBP rest −0.494 0.061 −0.102 0.728 −0.352 0.199

  Lfnu-sBP upright −0.708 0.003* −0.219 0.451 −0.545 0.036*

  Lfnu-sBP supine −0.716 0.004* −0.319 0.288 −0.601 0.023*

Lfnu-dBP

  Lfnu-dBP rest −0.467 0.068 −0.105 0.711 −0.338 0.201

  Lfnu-dBP upright −0.653 0.006* −0.243 0.383 −0.527 0.036*

  Lfnu-dBP supine −0.416 0.139 0.049 0.873 −0.227 0.434

Bold values indicate significant results.
LF/HF-sBP, low frequency to high frequency ratio of the systolic blood pressure; LF/HF-dBP, low frequency to high frequency ratio of the diastolic 
blood pressure; LFnu-sBP, low frequency band of the systolic blood pressure in normalized units; LFnu-dBP, low frequency band of the diastolic 
blood pressure in normalized units; r, correlation coefficient.  
*p < 0.05.

In patients with MSA, the CSA value of the right 
VN correlated inversely with the LF/HF-sBP 
ratio in the resting (r = −0.663; p = 0.007) (Figure 
4(a)), upright (r = −0.654; p = 0.008) (Figure 
4(b)) and supine position (r = −0.668; p = 0.018) 
(Figure 4(c)), the LF/HF-dBP ratio in the supine 
(r = −0.584; p = 0.036) position, the Lfnu-sBP in 
upright (r = −0.708; p = 0.003) (Figure 4(d)) and 
supine (r = −0.716; p = 0.004) (Figure 4(e)) posi-
tion and the Lfnu-dBP in upright (r = −0.653; 
p = 0.006) position (Table 6). The left VN only 
correlated with LF/HF-sBP at rest (r = −0.376; 
p = 0.017) (Table 6).

In the PSP cohort, we found a significant inverse 
correlation of the left VN with PSD-dBP in 
upright (rS = −0.75; p = 0.02) (Figure 4(g)) and 

supine position (rS = −0.762; p = 0.017) (Figure 
4(h), Table 7). The left VN also correlated 
inversely with HF-dBP (rS = −0.812; p = 0.008) 
in supine position (Table 7). There were also 
correlations of the CSA of the right VN  
with PSD-dBP in the upright (rS = −0.667; 
p = 0.05) (Figure 4(f)) and HF-dBP in supine 
position (rS = −0.72; p = 0.029), such as the VLF-
RRI in resting position (rS = −0.685; p = 0.029) 
(Table 7).

Discussion

Clinical data and autonomic dysfunction
The prevalence of OD was high in both groups in 
our study. Furthermore, autonomic symptoms in 
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Table 7.  Correlational analysis of the vagus nerve (VN) cross-sectional area CSA with head up tilt test (HUTT) parameters in patients 
with progressive supranuclear palsy (PSP). Correlations were performed using Pearson unless otherwise stated. (a): Spearman-rho 
correlation used.

HUTT parameters Vagus right Vagus left Vagus mean

  r p r p r p

PSD-dBP

  PSD-dBP rest −0.489 0.152 −0.391 0.263 −0.502 0.139

  PSD-dBP upright (a) −0.667 0.050* −0.750 0.020* −0.733 0.025*

  PSD-dBP supine (a) −0.636 0.066 −0.762 0.017* −0.695 0.038*

HF-dBP

  HF-dBP rest −0.426 0.220 −0.425 0.221 −0.488 0.153

  HF-dBP upright −0.536 0.137 −0.643 0.062 −0.66 0.053

  HF-dBP supine (a) −0.720 0.029* −0.812 0.008* −0.762 0.017*

VLF-RRI

  VLF-RRI rest (a) −0.685 0.029* −0.285 0.425 −0.612 0.06

  VLF-RRI upright 0.069 0.849 0.443 0.199 0.304 0.394

  VLF-RRI supine 0.252 0.585 0.382 0.398 0.366 0.420

Bold values indicate significant results.
PSD-dBP, power spectrum density of the diastolic blood pressure; HF-dBP, high frequency band of the diastolic blood pressure; VLF-RRI, very low 
frequency band of the heart rate interval; r, correlation coefficient.
*p < 0.05.

the SCOPA-AUT were significantly associated 
with a higher burden of disease, which underlines 
the essential impact of autonomic dysfunction on 
Parkinsonian syndromes.

However, patients affected by MSA showed a 
more severe expression which is consistent with 
the predominance of autonomic dysfunction in 
MSA. A total of 90% showed at least a CI. Fifty-
five percent had an OH. These findings substanti-
ate the important role of orthostatic dysbalance as 
a key feature of the disease.

In the case of PSP, autonomic dysfunction in the 
literature is generally reported with varying 
degrees of occurrence, but less frequently.49 OH 
was never severe in PSP, which would even be a 
clinical exclusion criterion.13 This has also been 
described by other authors.50 However, our 
cohort still presented a high number of mild-to-
moderate orthostatic regulation disorders, so we 
hypothesize that this can be a recurring feature of 
PSP. Seventy percent of the patients with PSP 

had a CI and showed an insufficient increase in 
HR during standing, which has already been 
described in the literature.51 Three of them also 
had prolonged OH after 10 min of standing. OH 
has already been reported in PSP with very vari-
able occurrence49 between 052 and 45%.53 It has 
already been shown that cardiovascular auto-
nomic dysfunction may be associated with a 
worse outcome in PSP54,55 and is often overlooked 
as it is not the main focus in PSP. Nevertheless, 
OD does occur and should be further 
characterized.

Correlations of the VN CSA data
In our patient population, there was no correla-
tion with height, age or disease duration (data 
shown in the Supplemental Table 1, Supplemental 
Figures 2 and 3).

The side-dependent difference of the VN CSA, 
we found in subjects with PD and MSA, had been 
previously reported by many authors28,56 and 
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Figure 4.  Correlations of the cross-sectional area (CSA) of the vagus nerve (VN) with different parameters of the spectral analysis in 
multiple system atrophy (MSA) (a-e) and progressive supranuclear palsy (PSP) (f-h).
(a) CSA right VN in relation to LF/HF-sBP ratio in resting position (n=15; r=-0.663; p=0.007). (b) CSA right VN in relation to LF/HF-sBP ratio in upright 
position (n=15; r=-0.654; p=0.008). (c) CSA right VN in relation to LF/HF-sBP ratio in supine  position (n=12; r=-0.688; p=0.018). (d) CSA right VN 
in relation to LFnu-sBP in upright position (n=15; r=-0.708; p=0.003). (e) CSA right VN in relation to LFnu-sBP in supine position (n=14; r=-0.716; 
p=0.004). (f) CSA right VN in relation to PSD-dBP in upright position (n=9; r=-0.667; p=0.05). (g) CSA left VN in relation to PSD-dBP in upright position 
(n=9; r=-0.750; p=0.02). (h) CSA left VN in relation to PSD-dBP in supine position (n=9; r=-0.762; p=0.017).
LF/HF-sBP, low frequency to high frequency ratio of the systolic blood pressure.
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seems to reflect a different functional anatomy, 
depending on asymmetric location of vagal nuclei 
and innervation of the non-paired abdominal 
organs.20 In addition, the right VN innervates the 
sinus node.57 We attribute the absence of a sig-
nificant difference in PSP to the small study 
sample.

The observation of a significant smaller VN CSA 
in PD and PSP compared to controls, which 
were not significant in the MSA cohort, could 
result partly from the small group size. In all 
groups, we saw outliers, which we cannot explain 
so far. Another explanation for this observation 
could lie in the different pathogenesis of the 
diseases.

Particularly in PD, VN has already received much 
attention in circumstances of its pathogenesis. 
Pathological protein deposits in the nerve suggest 
the hypothesis that the disease could also begin in 
the intestine and spread prion-like towards the 
brain.22 There is also retrospective data on 
patients with vagotomy who showed a significant 
risk reduction for PD.58

The pathogenesis of MSA is currently not fully 
understood. Research focuses on different models 
involving α-Synuclein accumulation, mitochon-
drial dysfunction or inflammation with activation 
of microglia.59 In addition, there is the hypothesis 
that the spread of α-Synuclein in MSA may origi-
nate from the urogenital tract.60 It is also discussed 
that neuronal damage only occurs secondarily and 
that oligodendrocytes are involved first.59

Although autonomic dysfunction appears to be 
more severe and occurs earlier in MSA, the VN 
was not smaller in our cohort than in PD. In 
MSA, the neuropathological pattern seems to be 
particularly extensive, affecting every part of the 
nervous system.61 We hypothesize that VN there-
fore accounts for a greater proportion of orthos-
tatic symptoms in PD than in MSA. Nevertheless, 
protein aggregates have been detected in nuclei of 
the VN, particularly in the dorsal motor nucleus 
and the ambiguous nucleus, which contain vis-
ceromotor fibres.62,63

Overall, we consider it possible that the VN is not 
smaller in MSA than in PD or in comparison with 
the other groups because it might be affected less 

early and is less relevant for the pathogenesis of 
the disease. In PD, on the other hand, we saw a 
tendency towards more pronounced atrophy, 
which on the one hand could be due to the larger 
cohort, and on the other hand could possibly be 
indicative of the longer prodromal phase with ear-
lier involvement of the VN.

In PSP, autonomic dysfunction is discussed con-
troversially but should be addressed as many 
authors have shown that it occurs and neuro-
pathological studies demonstrated that different 
autonomic nuclei can be affected.64–66 The role of 
VN remains unclear, yet we were able to show for 
the first time in a small cohort that atrophy is pre-
sent on both sides compared to healthy controls. 
There are few objective studies on the function  
of the VN in PSP. However, a significantly  
prolonged colonic passage time of the right  
colon, which is supplied by the VN, has already 
been demonstrated, so to assume a pathological 
involvement.67

Correlations of CSA and HUTT data
We found numerous correlations between the VN 
and HUTT parameters, but they varied within 
the syndromes. This illustrates the diverse aetiol-
ogy and neuropathogenesis of MSA and PSP and 
postulates a differently characterized autonomic 
disorder of the diseases.

HUTT data provide parameters, which are influ-
enced by the ANS and can sometimes be assigned 
to more parasympathetic or sympathetic inputs. 
These are not yet uniformly defined in the 
research literature but could prospectively con-
tribute to a further comprehension of orthostatic 
regulation mechanisms.

It was discussed, that the LF-component of the 
BPV reflects sympathetic modulation of the vas-
cular tone and could be induced by the barore-
flex.68 The LF/HF ratio of the sBP indicates an 
autonomic dysregulation, respectively, a sympa-
tho-vagal imbalance.69 As our results in MSA 
patients demonstrate an inverse correlation of the 
vagal CSA value with the LF/HF-sBP in all posi-
tions, there could be a connection between vagal 
atrophy and a sympathetic overweight in the 
blood pressure regulation. At least the results sug-
gest an autonomic imbalance, which could be 
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also explained by functional lesions in central 
nervous locations.70

In the smaller group of PSP patients, the analysis 
of VN with tilt table parameters was different 
from those with MSA. The correlations primarily 
between the VN and PSD-dBP that we observed, 
might suggest an association of vagal atrophy and 
baroreceptor sensitivity impairment.71 PSD-dBP 
is a parameter that includes all frequencies of 
diastolic blood pressure. An elevated value could 
be an expression of increased BPV and thus lower 
baroreceptor sensitivity which correlated with a 
smaller CSA of the VN in the PSP cohort. 
Decreased baroreceptor sensitivity has also been 
reported in cohorts with PD and Alzheimer’s dis-
ease.72 This could also be related to increased car-
diovascular mortality.73

No further significant correlation was found 
between CSA of the VN and clinical autonomic 
parameters.

Clinical implications
To our knowledge, this is the first study to ana-
lyse the morphology of VN in MSA and PSP in 
such detail. It is the first study to use NUS as a 
possible additional tool for the analysis of these 
syndromes. Furthermore, the combination with 
several clinical parameters and the possibility to 
correlate with the spectral bands of the tilt table 
examination are novel.

The NUS is a readily available, inexpensive and 
non-invasive parameter. In addition, studies have 
shown it to be reproducible. Examination of the 
VN can help to better characterize autonomic dys-
function and identify the risk of orthostatic dysreg-
ulation in APS, which are currently difficult to 
treat. In particular, in patients who cannot be stud-
ied on a tilt table, the ANS could be better under-
stood in general, as it remains available even in very 
severely affected individuals. This could contribute 
to a better understanding of patients and also help 
to prevent the consequences of orthostatic 

Figure 5.  Clinical implications and results of the study.
BPV, blood pressure variability; CI, chronotropic incompetence; HUTT, head-up tilt testing; MSA, multiple system atrophy; 
PSP, progressive supranuclear palsy; PD, Parkinson’s Disease; OH, orthostatic hypotension.  
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dysregulation in everyday life, such as falls, as the 
literature has shown a correlation between auto-
nomic cardiovascular parameters and postural 
instability in patients with PD.74 Figure 5 provides 
a graphical overview of the clinical implications.

Limitations
This study has some limitations, such as the small 
study sample. Aside from that, it was often not 
possible to perform tilt table examinations on 
patients with APS who were very severely affected 
early on, both in MSA and in PSP. For these 
patients, an investigation of the VN could be even 
more important, as it may be a marker for auto-
nomic dysfunction, as already postulated in other 
studies on PD.28

Additionally, we included clinically probable  
and possible patients based on the criteria,  
which are not as accurate as neuropathological 
examinations.

A further limitation of the study is that it was not 
possible to perform subtype analysis, as no statis-
tical differentiation was possible due to the small 
number of cases.

No power analysis was performed to calculate the 
sample size; we conducted an interim analysis of 
a register study on PD, MSA and PSP.

Furthermore, it would be important to study peo-
ple already in the prodromal phase of the disease 
and longitudinally to better understand the value 
of the NUS from the VN as a potential biomarker. 
Even if the value as a biomarker for single indi-
viduals still seems limited at first, due to fre-
quently observed ‘outliers’. In addition, 
neuropathological studies that also involve the 
VN would be important.

Moreover, knowledge about HUTT parameters 
is still limited so far and we suggest that an affili-
ated control group also performing tilt table 
examinations for comparison with VN are neces-
sary for a better comprehension.

Conclusion
To our knowledge, yet this is the largest pub-
lished study on VN NUS in MSA and PSP. For 
the first time, despite a small study sample, we 

were able to show an association of vagal atrophy 
with important circulatory parameters indicating 
autonomic dysfunction in APS. This might be 
useful to better understand the underlying 
pathology.

To further evaluate the clinical relevance of OD 
and the role of the VN as a possible biomarker in 
Parkinsonian syndromes, prospective longitudi-
nal observations with a larger cohort are neces-
sary, to identify characteristics possibly present in 
patients with larger or smaller VN CSA in a sec-
ond step.

Declarations

Ethics approval and consent to participate
Our study protocol was approved by the 
Institutional Review Board of the Medical Faculty 
of the Ruhr University Bochum (Reg. No. 
18-6360) and is listed in the German Clinical 
Trials Register (DRKS-ID DRKS00020752, 
https://drks.de/search/de/trial/DRKS00020752). 
The patients were recruited from the inpatient 
and outpatient clinic of St Josef Hospital, 
Bochum. All patients signed informed consent to 
participate. The study was conducted in accord-
ance with the ethical standards laid down in the 
declaration of Helsinki of 1964 and its later 
amendments.

Consent for publication
All patients signed informed consent to publica-
tion of the data collected.

Author contributions
Teresa Kleinz: Formal analysis; Investigation; 
Methodology; Writing – original draft; Writing – 
review & editing.

Leonard Scholz: Formal analysis; Investigation; 
Methodology; Writing – original draft; Writing – 
review & editing.

Sophie Huckemann: Formal analysis; 
Investigation; Methodology; Writing – review & 
editing.

Rachel Rohmann: Investigation; Methodology; 
Writing – review & editing.

Eva Kühn: Investigation; Methodology; Writing 
– review & editing.

Paulina Averdunk: Investigation; Methodology; 
Writing – review & editing.

https://journals.sagepub.com/home/tan
https://drks.de/search/de/trial/DRKS00020752


T Kleinz, L Scholz et al.

journals.sagepub.com/home/tan	 17

Saskia Kools: Investigation; Methodology; 
Writing – review & editing.

Lovis Hilker: Investigation; Methodology; 
Writing – review & editing.

Antonia Bieber: Methodology; Writing – review 
& editing.

Katharina Müller: Methodology; Writing – 
review & editing.

Jeremias Motte: Methodology; Writing – review 
& editing.

Anna-Lena Fisse: Methodology; Writing – 
review & editing.

Christiane Schneider-Gold: Methodology; 
Writing – review & editing.

Ralf Gold: Conceptualization; Writing – review 
& editing.

Eun Hae Kwon: Methodology; Writing – review 
& editing.

Lars Tönges: Conceptualization; Methodology; 
Supervision; Writing – review & editing.

Kalliopi Pitarokoili: Conceptualization; 
Methodology; Supervision; Writing – review & 
editing.

Acknowledgements
We thank Siegfried Muhlack for identifying sub-
jects with PD of interest for this study, Flemming 
Hensen for statistical and graphical support and 
Till Huckemann for technical assistance.

Funding
The authors received no financial support for the 
research, authorship and/or publication of this 
article.

Competing interests
RG is the Editor-in-Chief of Therapeutic 
Advances in Neurological Disorders; therefore, 
the peer review process was managed by alterna-
tive members of the Board and the submitting 
Editor was not involved in the decision-making 
process. The other authors declared no potential 
conflicts of interest with respect to the research, 
authorship and/or publication of this article.

Availability of data and materials

All data were raised by our group in St. Josef-
Hospital Bochum. Demographic data as well as 

examinations results are saved on local data 
devices. The data can be made available to other 
researchers upon reasonable request.

ORCID iDs
Teresa Kleinz  https://orcid.org/0009-0000- 
6313-7395

Leonard Scholz  https://orcid.org/0009-0009- 
4797-3217

Jeremias Motte  https://orcid.org/0000-0002- 
6624-8565

Supplemental material
Supplemental material for this article is available 
online.

References
	 1.	 Dickson DW. Parkinson’s disease and 

Parkinsonism: neuropathology. Cold Spring Harb 
Perspect Med 2012; 2(8): a009258.

	 2.	 Levin J, Kurz A, Arzberger T, et al. The 
differential diagnosis and treatment of atypical 
Parkinsonism. Dtsch Ärztebl Int 2016; 113(5): 
61–69.

	 3.	 Dickson DW, Liu WK, Hardy J, et al. 
Widespread alterations of α-synuclein in multiple 
system atrophy. Am J Pathol 1999; 155(4): 
1241–1251.

	 4.	 Ahmed Z, Asi YT, Sailer A, et al. The 
neuropathology, pathophysiology and genetics 
of multiple system atrophy. Neuropathol Appl 
Neurobiol 2012; 38(1): 4–24.

	 5.	 Jellinger KA. Neuropathology of multiple system 
atrophy: new thoughts about pathogenesis. Mov 
Disord 2014; 29(14): 1720–1741.

	 6.	 Cykowski MD, Coon EA, Powell SZ, et al. 
Expanding the spectrum of neuronal pathology 
in multiple system atrophy. Brain 2015; 138(8): 
2293–2309.

	 7.	 Gilman S, Wenning GK, Low PA, et al. Second 
consensus statement on the diagnosis of multiple 
system atrophy. Neurology 2008; 71(9): 670–
676.

	 8.	 Wenning GK, Stankovic I, Vignatelli L, et al. 
The movement disorder society criteria for the 
diagnosis of multiple system atrophy. Mov Disord 
2022; 37(6): 1131–1148.

	 9.	 Boxer AL, Yu JT, Golbe LI, et al. Advances in 
progressive supranuclear palsy: new diagnostic 

https://journals.sagepub.com/home/tan
https://orcid.org/0009-0000-6313-7395
https://orcid.org/0009-0000-6313-7395
https://orcid.org/0009-0009-4797-3217
https://orcid.org/0009-0009-4797-3217
https://orcid.org/0000-0002-6624-8565
https://orcid.org/0000-0002-6624-8565


Therapeutic Advances in 
Neurological Disorders Volume 17

18	 journals.sagepub.com/home/tan

criteria, biomarkers, and therapeutic approaches. 
Lancet Neurol 2017; 16(7): 552–563.

	10.	 Hauw JJ, Daniel SE, Dickson D, et al. 
Preliminary NINDS neuropathologic criteria 
for Steele–Richardson–Olszewski syndrome 
(progressive supranuclear palsy). Neurology 1994; 
44(11): 2015–2019.

	11.	 Dickson DW, Rademakers R and Hutton ML. 
Progressive supranuclear palsy: pathology and 
genetics. Brain Pathol 2007; 17(1): 74–82.

	12.	 Reimann M, Schmidt C, Herting B, et al. 
Comprehensive autonomic assessment does 
not differentiate between Parkinson’s disease, 
multiple system atrophy and progressive 
supranuclear palsy. J Neural Transm (Vienna) 
2010; 117(1): 69–76.

	13.	 Höglinger GU, Respondek G, Stamelou M, et al. 
Clinical diagnosis of progressive supranuclear 
palsy: the movement disorder society criteria. 
Mov Disord 2017; 32(6): 853–864.

	14.	 Zheng Y, Li S, Yang C, et al. Comparison of 
biospecimens for α-synuclein seed amplification 
assays in Parkinson’s disease: a systematic review 
and network meta-analysis. Eur J Neurol 2023; 
30(12): 3949–3967.

	15.	 Siderowf A, Concha-Marambio L, Lafontant 
DE, et al. Assessment of heterogeneity among 
participants in the Parkinson’s progression 
markers initiative cohort using α-synuclein seed 
amplification: a cross-sectional study. Lancet 
Neurol 2023; 22(5): 407–417.

	16.	 Koga S, Aoki N, Uitti RJ, et al. When DLB, PD, 
and PSP masquerade as MSA: an autopsy study 
of 134 patients. Neurology 2015; 85(5): 404–412.

	17.	 Mitchell T, Lehéricy S, Chiu SY, et al. Emerging 
neuroimaging biomarkers across disease stage in 
Parkinson disease: a review. JAMA Neurol 2021; 
78(10): 1262–1272.

	18.	 Taha HB and Bogoniewski A. Analysis of 
biomarkers in speculative CNS-enriched 
extracellular vesicles for parkinsonian disorders: a 
comprehensive systematic review and diagnostic 
meta-analysis. J Neurol 2024; 271: 1680–1706.

	19.	 Taha HB and Bogoniewski A. Extracellular 
vesicles from bodily fluids for the accurate 
diagnosis of Parkinson’s disease and related 
disorders: a systematic review and diagnostic 
meta-analysis. J Extracell Biol 2023; 2(11): e121.

	20.	 Rohmann R, Kühn E, Scherbaum R, et al. 
Prevalence and characteristics of polyneuropathy 
in atypical Parkinsonian syndromes: an 
explorative study. Brain Sci 2021; 11(7): 879.

	21.	 Pelz JO, Belau E, Fricke C, et al. Axonal 
degeneration of the vagus nerve in Parkinson’s 
disease – a high-resolution ultrasound study. 
Front Neurol 2018; 9: 951.

	22.	 Hawkes CH, Del Tredici K and Braak H. 
Parkinson’s disease: a dual-hit hypothesis. 
Neuropathol Appl Neurobiol 2007; 33(6): 599–614.

	23.	 Phillips RJ, Walter GC, Wilder SL, et al. Alpha-
synuclein-immunopositive myenteric neurons and 
vagal preganglionic terminals: autonomic pathway 
implicated in Parkinson’s disease? Neuroscience 
2008; 153(3): 733–750.

	24.	 Fisse AL, Katsanos AH, Gold R, et al. Cross-
sectional area reference values for peripheral 
nerve ultrasound in adults: a systematic review 
and meta-analysis – Part III: cervical nerve 
roots and vagal nerve. Eur J Neurol 2021; 28(7): 
2319–2326.

	25.	 Papadopoulou M, Bakola E, Papapostolou A, 
et al. Autonomic dysfunction entwined with 
post-COVID but absent in non-post-COVID 
patients: a neurophysiological and neurosonology 
study. Ther Adv Neurol Disord 2023; 16: 
17562864231180711.

	26.	 Pitarokoili K, Sturm D, Labedi A, et al. 
Neuroimaging markers of clinical progression 
in chronic inflammatory demyelinating 
polyradiculoneuropathy. Ther Adv Neurol Disord 
2019; 12: 1756286419855485.

	27.	 Pitarokoili K, Kronlage M, Bäumer P, et al. 
High-resolution nerve ultrasound and magnetic 
resonance neurography as complementary 
neuroimaging tools for chronic inflammatory 
demyelinating polyneuropathy. Ther Adv Neurol 
Disord 2018; 11: 1756286418759974.

	28.	 Huckemann S, Mueller K, Averdunk P, et al. 
Vagal cross-sectional area correlates with 
parasympathetic dysfunction in Parkinson’s 
disease. Brain Commun 2023; 5(1): fcad006.

	29.	 Sartucci F, Bocci T, Santin M, et al. High-
resolution ultrasound changes of the vagus 
nerve in idiopathic Parkinson’s disease (IPD): a 
possible additional index of disease. Neurol Sci 
2021; 42(12): 5205–5211.

	30.	 Fedtke N, Witte OW and Prell T. 
Ultrasonography of the vagus nerve in 
Parkinson’s disease. Front Neurol 2018; 9: 525.

	31.	 Höppner R, Gasser L, Mork H, et al. Vagus 
nerve cross-sectional area decreases in 
Parkinson’s disease. Parkinsonism Relat Disord 
2023; 114: 105769.

	32.	 Abdelnaby R, Moawad MHED, Shabib AS, et al. 
Sonographic vagus nerve atrophy in Parkinson’s 

https://journals.sagepub.com/home/tan


T Kleinz, L Scholz et al.

journals.sagepub.com/home/tan	 19

disease: myth or fact? A systematic review 
and meta-analysis of recent evidence answers. 
Parkinsonism Relat Disord 2023; 112: 105451.

	33.	 Sijben LCJ, Mess WH, Walter U, et al. The 
cross-sectional area of the vagus nerve is 
not reduced in Parkinson’s disease patients. 
eNeurologicalSci 2022; 27: 100400.

	34.	 Gibb WR and Lees AJ. The relevance of the 
Lewy body to the pathogenesis of idiopathic 
Parkinson’s disease. J Neurol Neurosurg Psychiatry 
1988; 51(6): 745–752.

	35.	 Postuma R and Berg D. MDS clinical diagnostic 
criteria for Parkinson’s disease (I1.010). 
Neurology 2016; 86(16_Suppl.): I1.010.

	36.	 Hoehn MM and Yahr MD. Parkinsonism: onset, 
progression, and mortality. Neurology 1967; 
17(5): 427–427.

	37.	 Goetz CG, Tilley BC, Shaftman SR, et al. 
Movement disorder society-sponsored revision 
of the Unified Parkinson’s Disease Rating 
Scale (MDS-UPDRS): scale presentation and 
clinimetric testing results. Mov Disord 2008; 
23(15): 2129–2170.

	38.	 Wenning GK, Tison F, Seppi K, et al. 
Development and validation of the Unified Multiple 
System Atrophy Rating Scale (UMSARS). Mov 
Disord 2004; 19(12): 1391–1402.

	39.	 Golbe LI and Ohman-Strickland PA. A clinical 
rating scale for progressive supranuclear palsy. 
Brain 2007; 130(6): 1552–1565.

	40.	 Visser M, Marinus J, Stiggelbout AM, et al. 
Assessment of autonomic dysfunction in 
Parkinson’s disease: the SCOPA-AUT. Mov 
Disord 2004; 19(11): 1306–1312.

	41.	 Damon-Perrière N, Foubert-Samier A, De Cock 
VC, et al. Assessment of the SCOPA-AUT 
questionnaire in multiple system atrophy: relation 
to UMSARS scores and progression over time. 
Parkinsonism Relat Disord 2012; 18(5): 612–615.

	42.	 Jenkinson C, Fitzpatrick R, Peto V, et al. The 
Parkinson’s Disease Questionnaire (PDQ-39): 
development and validation of a Parkinson’s 
disease summary index score. Age Ageing 1997; 
26(5): 353–357.

	43.	 Chaudhuri KR, Martinez-Martin P, Schapira 
AHV, et al. International multicenter pilot 
study of the first comprehensive self-completed 
nonmotor symptoms questionnaire for 
Parkinson’s disease: the NMSQuest study. Mov 
Disord 2006; 21(7): 916–923.

	44.	 Nasreddine ZS, Phillips NA, Bédirian V, 
et al. The Montreal Cognitive Assessment, 

MoCA: a brief screening tool for mild cognitive 
impairment. J Am Geriatr Soc 2005; 53(4): 
695–699.

	45.	 Xiong Q, Lu B, Ye H, et al. The diagnostic 
value of neuropathy symptom and change score, 
neuropathy impairment score and Michigan 
neuropathy screening instrument for diabetic 
peripheral neuropathy. Eur Neurol 2015; 74(5–6): 
323–327.

	46.	 Kerasnoudis A, Pitarokoili K, Behrendt V, 
et al. Cross sectional area reference values for 
sonography of peripheral nerves and brachial 
plexus. Clin Neurophysiol 2013; 124(9): 1881–1888.

	47.	 Joseph A, Wanono R, Flamant M, et al. 
Orthostatic hypotension: a review. Nephrol Ther 
2017; 13: S55–S67.

	48.	 Palma JA, Carmona-Abellan MM, Barriobero N, 
et al. Is cardiac function impaired in premotor 
Parkinson’s disease? A retrospective cohort study. 
Mov Disord 2013; 28(5): 591–596.

	49.	 Baschieri F, Vitiello M, Cortelli P, et al. 
Autonomic dysfunction in progressive 
supranuclear palsy. J Neurol 2023; 270: 109–129.

	50.	 Bae HJ, Cheon SM and Kim JW. Autonomic 
dysfunctions in Parkinsonian disorders. J Mov 
Disord 2009; 2(2): 72–77.

	51.	 van Dijk JG, Haan J, Koenderink M, et al. 
Autonomic nervous function in progressive 
supranuclear palsy. Arch Neurol 1991; 48: 
1083–1084.

	52.	 van Gerpen JA, Al-Shaikh RH, Tipton PW, et al. 
Progressive supranuclear palsy is not associated 
with neurogenic orthostatic hypotension. 
Neurology 2019; 93(14): e1339–e1347.

	53.	 Wenning GK, Scherfler C, Granata R, et al. 
Time course of symptomatic orthostatic 
hypotension and urinary incontinence in patients 
with postmortem confirmed parkinsonian 
syndromes: a clinicopathological study. J Neurol 
Neurosurg Psychiatry 1999; 67(5): 620–623.

	54.	 Oliveira MCB, Ling H, Lees AJ, et al. 
Association of autonomic symptoms with 
disease progression and survival in progressive 
supranuclear palsy. J Neurol Neurosurg Psychiatry 
2019; 90(5): 555–561.

	55.	 Liu P, Chen Y, Wang B, et al. Cardiovascular 
autonomic dysfunction is associated with 
executive dysfunction and poorer quality of life 
in progressive supranuclear palsy-Richardson’s 
syndrome. J Clin Neurosci 2022; 96: 147–153.

	56.	 Abdelnaby R, Elsayed M, Mohamed KA, et al. 
Vagus nerve ultrasonography in Parkinson’s 

https://journals.sagepub.com/home/tan


Therapeutic Advances in 
Neurological Disorders Volume 17

20	 journals.sagepub.com/home/tan

disease: a systematic review and meta-analysis. 
Auton Neurosci 2021; 234: 102835.

	57.	 Chen M, Yu L, Ouyang F, et al. The right side 
or left side of noninvasive transcutaneous vagus 
nerve stimulation: based on conventional wisdom 
or scientific evidence? Int J Cardiol 2015; 187: 
44–45.

	58.	 Svensson E, Horváth-Puhó E, Thomsen 
RW, et al. Vagotomy and subsequent risk of 
Parkinson’s disease: vagotomy and risk of PD. 
Ann Neurol 2015; 78(4): 522–529.

	59.	 Monzio Compagnoni G and Di Fonzo A. 
Understanding the pathogenesis of multiple 
system atrophy: state of the art and future 
perspectives. Acta Neuropathol Commun 2019; 
7(1): 113.

	60.	 Ding X, Zhou L, Jiang X, et al. Propagation of 
pathological α-synuclein from the urogenital tract 
to the brain initiates MSA-like syndrome. iScience 
2020; 23(6): 101166.

	61.	 Wakabayashi K, Mori F, Tanji K, et al. 
Involvement of the peripheral nervous system 
in synucleinopathies, tauopathies and other 
neurodegenerative proteinopathies of the brain. 
Acta Neuropathol 2010; 120(1): 1–12.

	62.	 Jellinger KA. Multiple system atrophy: an 
oligodendroglioneural synucleinopathy. J 
Alzheimers Dis 2018; 62(3): 1141–1179.

	63.	 Benarroch EE. Multiple system atrophy: a 
disorder targeting the brainstem control of 
survival. Clin Auton Res 2019; 29(6): 549–551.

	64.	 Rüb U, Del Tredici K, Schultz C, et al. 
Progressive supranuclear palsy: neuronal and 
glial cytoskeletal pathology in the higher order 
processing autonomic nuclei of the lower 
brainstem. Neuropathol Appl Neurobiol 2002; 
28(1): 12–22.

	65.	 Scaravilli T, Pramstaller PP, Salerno A, et al. 
Neuronal loss in Onuf’s nucleus in three patients 
with progressive supranuclear palsy. Ann Neurol 
2000; 48(1): 97–101.

	66.	 Mori H, Oda M, Komori T, et al. Lewy bodies in 
progressive supranuclear palsy. Acta Neuropathol 
2002; 104(3): 273–278.

	67.	 Doi H, Sakakibara R, Tateno F, et al. Colonic 
transit time in progressive supranuclear palsy and 
Parkinson’s disease. Neurol Clin Neurosci 2021; 
9(1): 91–94.

	68.	 Stauss HM. Identification of blood pressure 
control mechanisms by power spectral analysis: 
BP control mechanisms and spectral analysis. 
Clin Exp Pharmacol Physiol 2007; 34(4): 362–368.

	69.	 Tian G, Xiong L, Leung H, et al. Beat-to-
beat blood pressure variability and heart rate 
variability in relation to autonomic dysregulation 
in patients with acute mild-moderate ischemic 
stroke. J Clin Neurosci 2019; 64: 187–193.

	70.	 Parikh SM, Diedrich A, Biaggioni I, et al. The 
nature of the autonomic dysfunction in multiple 
system atrophy. J Neurol Sci 2002; 200(1–2): 
1–10.

	71.	 Kinoshita H, Mannoji H, Saku K, et al. Power 
spectral analysis of short-term blood pressure 
recordings for assessing daily variations of 
blood pressure in human. In: 2018 40th annual 
international conference of the IEEE engineering in 
medicine and biology society (EMBC), Honolulu, 
2018, pp. 1–4. IEEE.

	72.	 Szili-Török T, Kálmán J, Paprika D, et al. 
Depressed baroreflex sensitivity in patients with 
Alzheimer’s and Parkinson’s disease. Neurobiol 
Aging 2001; 22(3): 435–438.

	73.	 Rovere MTL, Bigger JT, Marcus FI, et al. 
Baroreflex sensitivity and heart-rate variability 
in prediction of total cardiac mortality after 
myocardial infarction. Lancet 1998; 351(9101): 
478–484.

	74.	 Espinoza-Valdés Y, Córdova-Arellano R, 
Espinoza-Espinoza M, et al. Association between 
cardiac autonomic control and postural control 
in patients with Parkinson’s disease. Int J Environ 
Res Public Health 2020; 18(1): 249.

Visit Sage journals online 
journals.sagepub.com/
home/tan

  Sage journals

https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan

