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Abstract

Background and Objectives @ class of Evidence
Sudomotor impairment has been recognized as a key feature in differentiating Parkinson Criteria for rating .
disease (PD) and multiple system atrophy—parkinsonian type (MSA-P), with the latter char- ther;.zp eutic and diagnostic
acterized by diffuse anhidrosis in prospective study, including patients in late stage of disease. studies

We aimed to evaluate morphologic and functional postganglionic sudomotor involvement in NPub.org/coe

patients with newly diagnosed MSA-P and PD to identify possible biomarkers that might be of

help in differentiating the 2 conditions in the early stage.

Methods

One hundred patients with parkinsonism within 2 years from onset of motor symptoms
were included in the study. At the time of recruitment, questionnaires to assess nonmotor,
autonomic, and small fiber symptoms were administered, and patients underwent post-
ganglionic sudomotor function assessment by the dynamic sweat test and punch skin
biopsy from the distal leg. Skin samples were processed for indirect immunofluorescence
with a panel of antibodies, including noradrenergic and cholinergic markers. The density of
intraepidermal, sudomotor, and pilomotor nerve fibers was measured on confocal images
with dedicated software. A follow-up visit 12 months after recruitment was performed to
confirm the diagnosis.

Results

We recruited 57 patients with PD (M/F 36/21, age 63.5 + 9.4 years) and 43 patients with MSA-
P (M/F 27/16, age 62.3 £ 9.0 years). Clinical scales and questionnaires showed a more severe
clinical picture in patients with MSA-P compared to those with PD. Sweating output and
intraepidermal, pilomotor, and sudomotor nerve densities, compared to controls, were lower in
both groups but with a greater impairment in patients with MSA-P. Pilomotor and sudomotor
nerve density correlated with sweating function and with nonmotor clinical symptoms. A
composite sudomotor parameter defined as the arithmetic product of sweat production mul-
tiplied by the density of sudomotor fibers efhciently separated the 2 populations; the receiver
operating characteristics curve showed an area under the curve of 0.83.

Discussion

Dynamic sweat test and the quantification of cutaneous autonomic nerves proved to be a
sensitive morpho-functional approach to assess the postganglionic component of the sudo-
motor pathway, revealing a more severe involvement in MSA-P than in PD early in the disease
course. This approach can be applied to differentiate the 2 conditions early.

From the Neurology Department (V.P., .M., G.C., A.S., l.B., M.N.), Skin Biopsy Laboratory, Istituti Clinici Scientifici Maugeri IRCCS, Telese Terme, Italy; Department of Brain, Repair
and Rehabilitation (V.1,, S.K.), University College London Queen Square Institute of Neurology; Autonomic Unit (V.I., S.K., EV., F. Valerio), National Hospital for Neurology and
Neurosurgery, London, UK; Department of Neurosciences, Reproductive Sciences and Odontostomatology (F.M., R.D., R.l,, F. Vitale, L.S., M.N.), University Federico Il of Naples; and
Clinical Neurophysiology Unit (M.E.), Cardarelli Hospital, Naples, Italy.
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e1282  Copyright © 2022 American Academy of Neurology

Copyright © 2022 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



Glossary

COMPASS-31 = Composite Autonomic Symptom Score; CSP = composite sudomotor parameter; DST = dynamic sweat test;
H&Y = Hoehn and Yahr; IENF = intraepidermal nerve fiber; MDS-UPDRS = Movement Disorders Society Unified
Parkinson’s Disease Rating Scale; MSA = multiple system atrophy; MSA-P = MSA-parkinsonian type; NMSS = Nonmotor
Symptoms Scale; PD = Parkinson disease; PD-OH = PD with orthostatic hypotension; QSART = quantitative sudomotor axon

reflex test; SFN-SIQ = Small Fiber Neuropathy Symptoms Inventory Questionnaire; SSR = sympathetic skin response.

Classification of Evidence

This study provides Class II evidence that postganglionic sudomotor morpho-functional assessment accurately distinguish

patients with PD from patients with MSA-P.

The term parkinsonism defines several clinical conditions
characterized mainly by motor symptoms such as rigidity,
tremor, and bradykinesia. This term includes the most prev-
alent of such disorders, idiopathic Parkinson disease (PD), as
well as rarer conditions with a different pathogenesis, prog-
nosis, and response to pharmacologic treatment such as

multiple system atrophy (MSA).'

Parkinsonisms affect 2% of people >65 years of age.2 Lack of
available disease-modifying treatment leads over time to a
severe disability, hence representing a heavy burden for health

systems worldwide.?

During the disease course, the presence and extent of signs
and symptoms and the development over time of more spe-
cific neuroimaging features can clarify the clinical picture and
help to fulfill established diagnostic criteria to reach a di-
agnosis." However, the latter occurs only after years, when
patients are less susceptible to being treated with disease-
modifying drugs that could become soon available.

In addition, the response to pharmacologic therapy can be am-
biguous and misleading.* Therefore, an early differential diagnosis
could present a challenging task for physicians, even if they are
experts in movement disorders.” This often leads to a diagnostic
delay and to suboptimal therapeutic choices. For these reasons,
early biomarkers able to help clinicians in the differential diagnosis
amonyg different forms of parkinsonism are highly demanded.

Autonomic dysfunction and symptoms are often the pre-
senting feature in patients with parkinsonism and may date
back many years before the motor symptoms become fully
developed.®

Sudomotor dysfunction has been recognized as a key feature,
involving both preganglionic and, recently documented, post-
ganglionic dysfunction in MSA” with a greater severity in MSA-
parkinsonian type (MSA-P) compared to MSA-cerebellar type.
However, these include retrospective studies or prospective
studies involving only patients in advanced stage of disease,*”
while there is a lack of studies on prospective evaluation of
sudomotor dysfunction in the early stage of the diseases.

Neurology.org/N
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Therefore, we aimed to prospectively evaluate morphologic
and functional autonomic sudomotor involvement in patients
with early stage (within 2 years of motor onset) of MSA-P and
PD to identify possible biomarkers able to accurately distin-
guish patients with PD from patients with MSA-P in the early
stage of the disorder.

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

The study was approved by the Institutional Review Board
(Fondazione G. Pascale No. “5/15 Maugeri”), and all patients
included in the study signed a written informed consent.

Subjects with parkinsonism within 2 years from motor onset
were prospectively recruited from 3 centers (University
College London Queen Square, UK; Neurology Division
“ICS Maugeri” IRCCS of Telese Terme, Italy; and Neurology
Department, University of Naples Federico II, Italy) between
November 2017 and December 2019 in a prospective longi-
tudinal study including baseline assessment and 12-month
follow-up visit to confirm diagnosis.

Diagnosis of PD or MSA-P was made according the fulfillment
of established diagnostic criteria."”"! We included patients with
probable MSA-P confirmed at follow-up and according to
consensus criteria.'' Patients who did not fulfill the diagnostic
criteria for either of the diseases at follow-up were excluded
from the present analysis. Patients with a known peripheral
neuropathy as documented by clinical history and abnormali-
ties of neurophysiologic tests or with conditions potentially
affecting the peripheral nervous system such as glucose in-
tolerance, dysendocrinopathies, vitamin E, vitamin B, and
folic acid deficiency, hepatic or renal failure, HIV, or connective
tissue disorders were excluded from the study.

At recruitment, patients were required not to have been
started on L-dopa treatment to avoid possible iatrogenic im-
pairment.12 At the baseline visit, all patients underwent
neurologic examination, levodopa challenge, and brain MRL
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Patient underwent bedside assessment of blood pressure in
resting supine position and blood pressure changes within 3
minutes of standing, Autonomic symptoms and sudomotor
functional data were obtained at the baseline visit, along with
clinical scales and punch skin biopsy as described below.
Analysis of all skin biopsies was performed at 1 center (Neu-
rology Division “ICS Maugeri” IRCCS of Telese Terme, Italy).

Morphologic and functional sensory and autonomic findings
were compared with data extracted from our age- and sex-
stratified normative dataset of controls that included 200
healthy volunteers.

Clinical Scales

For all patients, the severity of motor impairment was assessed with
the clinician-scored motor evaluation (part I1I) of the Movement
Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS)" and Hoehn and Yahr'* (H&Y) staging score. H&Y
stage was used to calculate disease progression rate as the ratio
between disease duration and H&Y stage. For patients with a
diagnosis of MSA-P, the Unified Multiple System Atrophy Rating
Scale'® also was administered. To assess the presence of nonmotor
symptoms and, in particular, those related to autonomic dysfunc-
tion and the involvement of small fibers, all patients completed
the Nonmotor Symptoms Scale (NMSS),]‘S the Composite Au-
tonomic Symptom Score (COMPASS)-31 questionnaire,'” and
the Small Fiber Neuropathy Symptoms Inventory Questionnaire
(SFN-SIQ)."®

Sudomotor Function Testing

All patients underwent a functional assessment of sudomotor
function using the dynamic sweat test (DST)."? Briefly, 10
minutes after the administration of 1% pilocarpine by ionto-
phoresis and after the preparation of the skin with iodine
alcohol, the sudomotor response was assessed by measuring
over time the imprint of sweat drops through a transparent
tape treated with starch powder. The density per 1 cm” of
activated sweat glands, the sweat produced per minute per 1
cm’, and the average sweat volume produced by each sweat
gland were recorded. The test was performed at lateral distal
leg bilaterally.

A neurophysiologic assessment of the sudomotor pathway
was obtained with the sympathetic skin response (SSR) in a
subgroup of patients. SSR was recorded at the palm of the
hand and sole of the foot with surface electrodes after random
electric stimuli were delivered at the wrist along the median
nerve.'”

Morphology Study

At the baseline visit, all patients performed a 3-mm punch skin
biopsy from the lateral distal leg bilaterally in the same area
where sudomotor function was tested. To maximize the
sampling of arrector pili muscles and sweat glands, skin bi-
opsies were centered on a hair follicle outlet. Skin samples
immunostained for indirect immunofluorescence
according to standard procedures” using a large panel of

were
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antibodies, including primary antibodies against the pan
neuronal marker protein gene product 9.5, collagen type IV,
vasoactive intestinal peptide as a marker of cholinergic fibers,
and dopamine-B-hydroxylase as a marker of noradrenergic
fibers. Structures marked with primary antibodies were visu-
alized using species-specific secondary antibodies coupled
with Cy2 and Cy3 fluorophores. The complete list of anti-
bodies with source and dilution is reported in eTable 1. Digital
confocal images were acquired for analysis with a nonlaser
confocal system (ApotomeZ Zeiss, Jena, Germany, EU).
Intraepidermal nerve fiber (IENF) density was measured
according to current guidelines.21 Quantification of pilomotor
and sudomotor nerves with pan neuronal and selective cho-
linergic and noradrenergic markers was performed following
previously described procedures that were validated by
comparison with unbiased stereologic methodologies.”***
Briefly, for pilomotor nerve quantification, arrector pili muscle
segments, parallel to the focal plane, were acquired with a 20x
objective. The single optical section having the highest
number of fibers running for at least 100 ym parallel to the
major axis of the muscle was selected from the Z stack. A line
was then traced perpendicular to the major axis of the muscle
and intercepting the highest number of fibers. Pilomotor
nerve fiber density was calculated as number of intercepts per
muscle width in millimeters (fibers per millimeter). For each
skin biopsy and for each staining, pilomotor nerve fiber density
was expressed as the average of the measurements performed in
all muscles suitable for quantification. For sudomotor nerve
fiber quantification, Neurolucida 360 software (Microbright-
field Bioscience, Williston, VT) identified the voxels with the
highest probability of being nerve-associated within the
3-dimensiona; confocal image stack of the gland innervation
acquired with a 20x objective. The software then traced the
nerve trajectory that was morphologically compatible with the
nerve structure (it was set to trace only continuous, linear
structures at least 10 pum in length so to exclude non-nerve-
related fluorescence). After the 3-dimensional tracing, the total
length was recorded and later converted to a length density
(nanometer per cubic micrometers) after calculation of the
volume of the imaged gland by tracing its contour on each
optical section of the confocal image. All measurements were
performed by the same operator blinded to the diagnosis of the
participant.

We defined a morpho-functional composite sudomotor pa-
rameter (CSP) as the arithmetic product of sweat production
in microliters per square centimeter multiplied by the density
of sudomotor fibers in micrometer per cubic millimeter as
marked with the pan neuronal marker protein gene product
9.5 in each subject.

Statistical Analysis

All data are presented as mean * SD. The Kolmogorov-
Smirnov test was used to assess the normal distribution of all
parameters. Differences among patients and controls and
between patients subgroups were evaluated by the analysis of
variance with Bonferroni correction.

Neurology.org/N

2022 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



Table 1 Demographic and Clinical Data

MSA-P (n = 43) PD (n =57) p Value

Age,y 62.3+9.0 63.5+94 0.55
M/F, n 2716 36/21 0.56
Disease duration, mo 182+ 4.6 16.8+6.4 0.22
UPDRS motor score 307+7.2 21.4+5.2 <0.05
Hoehn and Yahr stage, n patients 1=6,11=51=14,IV=16,V=2 1=26,11=19,11=10,IV=2,V=0 -
Disease progression rate® 0.6 +0.4 1.0+ 0.6 <0.01
NMSS score 82.6+44.7 41.9+34.8 <0.01
SFN-S1Q score 8.9+39 7.0+£47 0.13
COMPASS5-31 score 36.9 +£ 20.0 22.1+15.0 <0.05

Abbreviations: COMPASS-31 = Composite Autonomic Symptom Score; MSA-P = multiple system atrophy-parkinsonian type; NMSS = Nonmotor Symptoms
Scale; PD = Parkinson disease; SFN-SIQ = Small Fiber Neuropathy Symptoms Inventory Questionnaire; UPDRS = Unified Parkinson's Disease Rating Scale.
“ Disease progression rate = disease duration in years/Hoehn and Yahr stage.

Pearson and Spearman tests were used as appropriate to assess the
correlation between clinical, morphologic, and demographic data.

We used the receiving operating characteristics curves to dis-
criminate groups using CSP. We considered a value of p < 0.05
significant. Statistical analysis was performed with STATA/SE
software (version 14.1, StataCorp, College Station, TX).

Data Availability
Anonymized data will be shared on request by a qualified
investigator.

Results

One hundred patients with a provisional diagnosis of PD (60
patients) or MSA-P (40 patients) were recruited. For the pur-
pose of the current study, we presented findings on morpho-
functional sudomotor and clinical assessment on 100 patients
(age 63.1 + 9.2 years; M/F 63/37) with a diagnosis of PD (57
patients) or MSA-P (43 patients) as a preliminary report of a
larger project (PE-2013-02359028) aiming to assess sensory and
autonomic markers in the early diagnosis of parkinsonism.

At the follow-up visit (1 year from baseline visit), diagnosis was
confirmed in 97 of 100 patients. Three patients diagnosed with
PD at baseline visit were later diagnosed with MSA-P at follow-up.
Final patient groups included 57 with PD and 43 with probable
MSA-P according to the criteria.""

Standing tests performed at bedside examination showed or-
thostatic hypotension in 28% (16 of 57) of patients with PD (PD-
OH).** Thirty-one of 43 patients with MSA-P (72%) showed
orthostatic decrease of blood pressure within 3 minutes of
standing by at least 30 mm Hg systolic or 15 mm Hg diastolic,
meeting the criteria for orthostatic hypotension according the
consensus criteria for MSA."" Urinary symptoms were present in
all patients with MSA-P, with a subgroup of patients (28 of 43,
65%) presenting with severe genitourinary dysfunction, including
urinary incontinence and erectile failure. Seventeen of 57 patients
with PD (30%) presented mild urinary and sexual symptoms.

Patients with MSA-P and those with PD were not different
regarding age and disease duration. There was no correlation
between disease duration and any of the sudomotor function
and morphology outcome measures described below, although

Figure 1 Sweating Output in PD and MSA-P Compared to Control

. Control B
."'"

s
a3
» 9;‘.

Sweating output assessed by the dynamic
sweat test (DST) shows a more severe re-
duction of activated sweat glands in a patient
with multiple system atrophy with parkin-
sonism (MSA-P) (C) compared to a patient with
Parkinson disease (PD) (B). (A) Control subject.
Black scale bar is 1.5 cm.

Neurology.org/N
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Table 2 Morphologic and Functional Findings

MSA-P PD CTRL p Value p Value p Value p Value
(n=43)* (n=57)° (n =100)° (all groups) (PD vs MSA) (MSA vs CTRL) (PD vs CTRL)
IENF, ff/mm 57+43 7.8+3.2 126+ 2.7 <0.001 <0.05 <0.001 <0.001
Pilomotor nerve density, ff/mm
PGP 420+202 5464243 787216 <0.001 <0.05 <0.001 <0.001
VIP 9.2+15.7 14.7 £15.0 62.0+14.0 <0.001 0.434 <0.001 <0.001
DBH 189+200 302+17.4 52.2+11.7 <0.001 <0.05 <0.001 <0.001
Sudomotor nerve density, nm/pm?
PGP 21416 3.0+£1.0 3.6+06 <0.001 <0.01 <0.001 <0.05
VIP 1.1+£0.7 1.5+0.7 23+06 <0.001 <0.05 <0.001 <0.001
Sweat gland volume, x10° pm?® 23+13 27+15 3.4+16 <0.001 <0.05 <0.01 <0.05
Dynamic sweat test
Sweat drop density/cm? 33.6+£19.2 472217 73.8 £ 20.1 <0.001 <0.05 <0.001 <0.001
Mean output/gland/min, nL 25+15 40+2, 8.0+37 <0.001 <0.05 <0.001 <0.001
Outputlcmzlmin, nL 84,7 +709 1845+137.4 643.2+397.3 <0.001 <0.05 <0.001 <0.001
SSR amplitude, mV
Hand dorsum 24+£15 3.8z£25 6.4+59 <0.01 <0.05 <0.05 <0.05
Foot dorsum 20+1.6 19+1.6 54+4.7 <0.01 1.00 <0.01 <0.01

Abbreviations: CTRL = control; DBH = dopamine B-hydroxylase; IENF = intraepidermal nerve fiber; MSA-P = multiple system atrophy-parkinsonian type; PD =
Parkinson disease; PGP = pan neuronal marker protein gene product; SSR = sympathetic skin response; VIP = vasoactive intestinal peptide.

@ Ten with MSA and 46 with PD for SSR.
® Fifty for dynamic sweat test and SSR.

this was expected because disease duration was similar for all
patients according to the inclusion criteria.

Motor impairment, as measured by MDS-UPDRS motor score,
was significantly higher in MSA-P compared to PD. In addition,
the rate of disease progression (disease duration in years per
H&Y stage) was higher in MSA-P compared to PD. Both NMSS
score and COMPASS-31 total score were higher in patients with
MSA-P compared to those with PD. SEN-SIQ total score was
not different in the 2 groups, although some of the subscores
such as micturition problems, skin sensitivity and facial flushing
indicated a more severe impairment in MSA-P. The question-
naire scores, patients stratified by disease severity, and de-
mographic data are reported in Table 1. Analytical data with the

scale subscores are reported in eTable 2.

Autonomic Sudomotor Function Testing

No side-to-side differences were observed in both groups of
patients for autonomic sudomotor functional and morpho-
logic measures, so we included the average value from the 2
sides as representative.

Sudomotor function, as assessed by the DST, was impaired,
compared to controls, in both groups of patients, but all pa-
rameters were lower in MSA-P compared to PD (Figure 1).
Neurclogy | Volume 98, Number 12 | March 22, 2022
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Moreover, in analysis of the results obtained in each patient with
respect to the fifth percentile cutoff of normal values, 90% of
patients with MSA-P and 59% of patients with PD showed a
reduced sweat drop density, 50% of those with MSA-P and 17%
of patients with PD showed a reduced sweat output per gland,
and 76% of patients with MSA-P and 49% of those with PD
showed a reduced sweat output per area.

SSR was obtained in 56 patients (10 with MSA-P and 46 with PD).
SSR amplitude was reduced in patients compared to controls.'
Moreover, we found a lower SSR amplitude at the hand in MSA-P
compared to PD. A complete absence of response was observed in
30% of individuals with MSA-P and 4% of patients with PD.

Quantitative measures of autonomic sudomotor function
testing are reported in Table 2.

Morphology Study

A total of 300 skin samples (200 from patients, 100 from
controls) were examined. Arrector pili muscles were absent in
2 MSA-P and 2 PD skin samples. Sweat glands were always
present in the skin of patients with PD and absent in 2 par-
ticipants with MSA-P. Qualitative morphologic analysis of
skin samples showed consistent derangement of somatic and
autonomic cutaneous innervation in patients compared to

Neurology.org/N
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Figure 2 Epidermal Nerve Fiber Confocal Images Showing Epidermal Denervation in Patients With PD (B) and MSA (C)

Compared to control (A)

Loss of intraepidermal nerve fiber
is more severe in multiple system
atrophy with parkinsonism (MSA-
P) (C) compared with Parkinson
disease (PD) (B), in which branch-
ing and clusters (arrowheads in B)
can also be observed as re-
generative attempts. White scale
bar is 100 pm.

controls (Figures 2-4). In both patients with MSA-P and
patients with PD, IENFs were irregularly distributed along the
epidermis with long tracts devoid of fibers. Branching and
clusters of fibers, interpretable as regenerative attempts, were
more frequently observed in patients with PD compared to
patients with MSA-P (Figure 2). Subepidermal plexus was
generally poorer in MSA-P. The innervation of dermal adnexa
was scattered and irregular in both groups. Overall, sweat
gland structure was more severely deranged in those with
MSA-P compared to patients with PD (Figure 3), with loss of
the compact globular shape of the sweat gland structure and
inclusion of lipoid tissue regardless of the density of residual
sudomotor nerves (eFigure 1).

Moreover, the average volume of sweat glands in patients with
MSA-P was significantly lower compared to patients with PD and
in both groups of patients compared to controls. The nerve density
of a total of 1,220 sweat glands (from 41 with MSA-P and 57 with
PD) and 1,980 pilomotor muscles (from 41 with MSA-P and 55
with PD) was assessed on confocal digital images. We found a
reduced density of IENF and pilomotor and sudomotor fibers
compared to controls in both patients with PD and patients with
MSA-P. IENF density and pilomotor and sudomotor fiber density
were lower in individuals with MSA-P compared to those with PD.
Abnormalities of sensory and autonomic nerves were already ev-
ident in 4 patients with MSA-P who showed normal DST.

Cutaneous sensory and autonomic nerve densities of patients
with PD, individuals with MSA-P, and controls are summa-
rized in Table 2.

Pilomotor and sudomotor nerve density correlated with ac-
tivated sweat gland density and sweat production per area and
with nonmotor clinical symptoms (NMSS and COMPASS-31
scores) (Figure $ and eFigure 2). Sweat gland volume cor-
related with sweat production per area.

CSP score was significantly lower in patients with MSA-P
compared to those with PD (222.6 + 251.8 in MSA-P vs
611.3 £ 484.5 in PD; p < 0.001) and efficiently separated the
2 populations, with the receiving operating characteristics
curve showing an area under the curve of 0.83 (eFigure 2)
with a sensitivity of 60.4% and a specificity of 87.5% using a
CSP cutoff of 436. CSP was also significantly different be-
tween patients with MSA-P with orthostatic hypotension
and those with PD-OH (416.7 + 219.4; p < 0.01) and dif-
ferentiated the 2 populations with an area under the curve
of 0.81.

Classification of Evidence

This study provides Class Il evidence that postganglionic
sudomotor morpho-functional assessment accurately distin-
guishes individuals with PD from those with MSA-P.

Figure 3 Autonomic Sudomotor Nerve Fiber Confocal Images Showing Sweat Gland Autonomic Denervation in Patients

With PD (B) and MSA-P (C) Compared to Controls (A)

Cholinergic (vasoactive intestinal peptide [VIP]) sudomotor nerve fibers are more severely affected in multiple system atrophy with parkinsonism (MSA-P) (C)
compared to Parkinson disease (PD) (B). White scale bar is 100 pm. COLIV = collagen IV; ULEX = ulex europaeus agglutinin 1.

Neurology.org/N
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Figure 4 Autonomic Pilomotor Nerve Fiber Confocal Images Showing Arrector Pili Muscle Autonomic Denervation in
Patients With PD (B) and MSA-P (C) Compared to Controls (A)

A. Control

Noradrenergic (dopamine B-hydrox-
ylase [DBH]) pilomotor nerves are
more severely affected in multiple
system atrophy with parkinsonism
(MSA-P) (C) compared to Parkinson
disease (PD) (B). White scale bar is
100 pm. ULEX = ulex europaeus ag-
glutinin 1.

Discussion

We assessed autonomic postganglionic sudomotor function
in prospectively enrolled patients with PD or MSA-P with
recent onset of motor symptoms to identify potential early
biomarkers able to differentiate the 2 conditions. The patient
groups were similar in age and disease duration, but they
differed in the severity of both motor and nonmotor impair-
ment. The latter has been described in a study looking at
patients with longer disease duration,” but it is of interest that
this is confirmed at the early stage of the disorder.

We found morphologic and functional abnormalities of
postganglionic sudomotor pathway in both patient groups
compared to controls with a more severe impairment in pa-
tients with MSA-P compared with patients with PD. In par-
ticular, we found a cutaneous denervation with a parallel loss
of sensory and autonomic (pilomotor and sudomotor) nerves,

suggesting that the degeneration of the 2 nerve populations must
proceed at the same rate. Moreover, autonomic nerve loss cor-
related with sweating function impairment (as assessed by DST')
and with autonomic symptoms (as assessed by COMPASS-31),
while it did not correlate with disease duration. The latter indi-
cates a prominent postganglionic involvement since the early
stage of the diseases, independently of disease severity and not
just as a result of transsynaptic degeneration in long-standing
disease, as previously hypothesized.” Longitudinal studies in-
cluding follow-up skin biopsy might elucidate the possible pro-
gression of small fiber impairment.

DST and the quantification of cutaneous autonomic nerves
proved to be a sensitive morpho-functional approach to assess
postganglionic component of the sudomotor pathway, re-
vealing a more severe involvement in MSA-P than in PD early
in the disease course. In particular, the reduced density of
activated sweat glands is the consequence of sudomotor nerve

Figure 5 Correlations of Autonomic Nerve Density With Functional and Clinical Findings (A-D)
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loss that must induce a loss of m3 receptors located on the gland
surface, making the sweat gland unresponsive to pilocarpine
stimulation. Compared with the normal fifth percentile cutoff, we
found a lower activation of sweat glands in 90% of patients with
MSA-P and 59% of patients with PD. In addition to the higher
loss of sudomotor nerves in MSA-P compared to PD, this may be
explained by the derangement and the reduced volume of the
glandular structure that was very relevant in MSA-P. Moreover, 4
patients with MSA presented abnormalities of cutaneous in-
nervation but normal sweat drop density evaluated with DST,
indicating the presence of degeneration at the time when function
study might fail to capture abnormalities of sudomotor function.

We found a lower SSR amplitude and a lack of response in a
higher percentage of patients with MSA-P compared to pa-
tients with PD. This may be in agreement with a more severe
involvement of both central and peripheral components of the
sudomotor pathway in MSA.

We described CSP, combining morphologic and functional
sudomotor measures, that is able to differentiate MSA-P from
PD with an excellent specificity and good sensitivity. CSP was
also able to differentiate MSA-P from the PD-OH subgroup.
Longitudinal studies are needed to validate this score in
monitoring disease progression.

Earlier literature reports that the autonomic involvement is
primarily postganglionic in PD and preganglionic in MSA.*
However, a postganglionic involvement has been demon-
strated in patients with MSA by our group and others.**
Recently, a postganglionic sudomotor impairment has been
demonstrated in the 62% of patients with MSA using the
quantitative sudomotor axon reflex test (QSART), with a
correlation with glucose hypometabolism of basal ganglia or
cerebellum on fluorodeoxyglucose-PET and with disease se-
verity.26 This finding is in line with previous studies reporting
abnormal QSART in 59% of patients with MSA mostly linked
to the more advanced stage of the disease.” Compared to
QSART, DST explores only the direct activation of sweat
glands, not providing information on the neural network re-
sponsible for the axon-reflex response. However, it provides the
possibility of assessing the number of activated sweat glands in
the stimulated area, a parameter that is missing with QSART.
For these technical differences, in our prospective study, DST
was able to detect sudomotor abnormalities in the majority of
the patients with MSA-P and in most of the patients with PD.

Our finding may appear to disagree with several reports de-
scribing a more severe loss of cutaneous nerves in PD com-
pared to MSA. However, this may be due to the different
characteristics of the selected patients because our cohort
included only patients with idiopathic PD in the early stage of
the disease, while previous studies have included mainly pa-
tients with PD who were older”” and with associated ortho-
static hypotension.”® In addition, discrepancies with previous
reports29 may arise from differences in the techniques of nerve
visualization and analysis.
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Autonomic dysfunction characterizes MSA since its onset and
it is an essential criterion required even for the lowest degree
of diagnostic certainty (MSA possible).""

Although PD has for many years been considered a pure
motor condition, autonomic involvement has been reported
since the earliest stages of disease,®” and it has been reported
to correlate with postural instability.”’ The description of the
retrograde progression of synuclein aggregate accumulation
starting from autonomic structures and spreading later on to
motor structures of the CNS further support the early auto-
nomic involvement in PD.*

PD and MSA share a common neuropathologic hallmark, the
pathologic accumulation of misfolded a-synuclein that leads to
neuron dysfunction and death in synucleinopathies.** While in
PD the misfolded a-synuclein accumulates in neurons, in MSA,
the pathologic accumulation occurs in oligodendroglia. There-
fore, the glial cytoplasmatic inclusions are the hallmarks of MSA.
In addition to brain involvement, a-synuclein aggregates have
been observed in caudal segments of spinal cord in Lewy body
disorders, > including lamina I and 1T of the dorsal horn; lamina
VI, IX, and X; but also the sacral dorsal roots, Lissauer tract, and
especially the lateral collateral region. Synuclein aggregates were
found also in sympathetic ganglia of 11 of 26 patients with
MSA.”” These findings might explain the broad spectrum of
pathology in these disorders, including postganglionic autonomic
involvement and the sensory denervation.

In recent years, several authors reported the presence of
synuclein aggregates in cutaneous nerves in PD and MSA
using skin biopsy although with a different pattern of a-syn-
uclein distribution. In particular, such aggregates have been
reported to be relatively more prevalent in the autonomic
innervation of dermal adnexa of PD compared to MSA.***’
However, the relationship between the extent of synuclein
aggregates in the skin and disease severity in terms of clinical
impairment and nerve degeneration still needs to be clarified.
In fact, no such relationship has been found so far, and from a
physiopathologic standpoint, the presence of synuclein ag-
gregates may be regarded as an event that precedes nerve
degeneration and is affected by the severity and rate of pro-
gression of the disorder. We have not evaluated the a-synu-
clein accumulation in this current preliminary study.

The strength of our study is the enrollment of individuals with
early-stage a-synucleinopathy within a cohort of drug-naive
patients prospectively evaluated with validated sudomotor
testing and cutaneous morphologic study.

A limitation of this study is the definition of disease onset by
the manifestation of the first motor dysfunction. This might
have underestimated disease duration, in particular in patients
with early autonomic and nonmotor features preceding motor
symptoms and signs. Moreover, as per the inclusion criteria,
all patients were recruited at a very early stage of disease and
were followed up for a period of 12 months. Thus, we cannot
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rule out the possibility that the reported absence of correla-
tion between disease duration and morpho-functional pa-
rameters can be related to the short period of observation,
according to the study design.

We demonstrated reduced sudomotor function, IENF, and
pilomotor and sudomotor fiber density in the early stage of
a-synucleinopathies. Such impairment showed a greater
severity in patients with MSA-P compared with those with
PD and correlated with clinical scales. A novel composite
morpho-functional sudomotor score is a helpful biomarker
in differentiating MSA-P and PD in the early stage of the
disease with a sensitivity of 60.4% and a specificity of 87.5%.
The sensitivity and specificity of the test were confirmed in
comparisons of patients with MSA-P and PD-OH.

Our data support the hypothesis that the assessment of
sudomotor system may provide suitable targets in the search
for early biomarkers able to differentiate MSA vs PD.
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