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ABSTRACT

Background: The in vivo detection of phosphorylated-a-synuclein (pS129-a-syn) via immunofluorescence in cutaneous nerve
fibers has emerged as a promising biomarker for diagnosing synucleinopathies, including Parkinson's disease, dementia with
Lewy bodies and multiple system atrophy (MSA). However, the variability in biopsy protocols, particularly regarding the choice
and number of anatomical sites, limits standardisation and clinical applicability.

Objective: To evaluate the diagnostic accuracy of different biopsy site combinations for pS129-a-syn detection in a large cohort
of patients with confirmed synucleinopathies, to identify a sampling strategy that ensures high sensitivity while reducing patient
burden, promoting methodological standardisation and clinical applicability.

Methods: In this 10-year retrospective study, data from 227 patients with Lewy Body Diseases (LBD) (n=194) or MSA (n=33),
who were identified as positive based on the three anatomical sites (two samples from each site: the cervical region (CE), thigh
(TH) and distal leg (LEG)) skin biopsies protocol, were analysed. Diagnostic sensitivity was calculated for each site and combina-
tion, stratified by sex and disease duration.

Results: The results showed that the CE + LEG combination yielded the highest diagnostic sensitivity in both the LBD (97.68%)
and MSA (100%) cohorts, independent of sex and duration. The TH site offered minimal additional diagnostic value when com-
bined with CE and LEG.

Conclusions: CE+ LEG dual-site skin biopsy provides high diagnostic accuracy for both LBD and MSA, making it a less in-
vasive yet effective alternative to the tri-site protocols (six samples). The distinct deposition patterns observed between disease
subtypes warrant further investigation to enhance the biomarker's diagnostic and pathophysiological relevance.

1 | Introduction increasingly emerged as a promising approach for the diagno-

sis of synucleinopathies, including Parkinson's disease (PD),
The in vivo detection of pathological phosphorylated o- dementia with Lewy bodies (DLB) and multiple system atro-
synuclein (pS129-a-syn) in cutaneous nerve fibers has phy (MSA), addressing one of the most critical challenges in
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the diagnostic workup [1-5]. Among the array of tissue-based
diagnostic tools, skin biopsy has gained widespread recog-
nition due to its minimal invasiveness and its ability to cap-
ture disease-specific deposits through immunofluorescence
staining techniques [6-8]. The diagnostic performance of this
technique has been validated with several studies reporting
sensitivities above 80% and specificities approaching 100% for
pS129-a-syn detection in patients with confirmed synucleinop-
athies, underscoring the potential of this method as a clinically
relevant biomarker [8-10].

Despite the growing consensus, substantial heterogeneity per-
sists in biopsy protocols across centers and studies, thus af-
fecting detection rates. This variability is partly attributable to
differences in antibody performance and section thickness, but
also to the number of anatomical sites sampled and the number
of tissue punches per site that varies widely [11, 12].

Although the cervical paraspinal area, thigh and distal leg are
commonly sampled, their relative diagnostic value remains un-
certain [8, 13, 14]. Preliminary evidence suggests a topographical
distribution of a-syn, with proximal sites more often affected in
PD and distal sites more involved in MSA [15-17]. Furthermore,
while PD typically shows p-a-syn aggregation in autonomic
fibers, MSA is characterised by deposits predominantly in un-
myelinated somatosensory fibers [18]. Nolano further reported
early peripheral sensory and autonomic involvement, more
pronounced in MSA-p than in PD and found that p-a-syn depo-
sition correlated with preserved innervation and a slower pro-
gression of disease [19]. Still, these emerging patterns require
confirmation in larger, comparative studies.

Establishing optimised diagnostic pathways that maximise
accuracy while minimising patient burden is of critical impor-
tance. This entails not only the refinement of immunohisto-
chemical protocols but also evidence-based decisions regarding
the number and location of biopsies, tailored to the clinical pre-
sentation and suspected diagnosis.

The present study aims to evaluate the diagnostic impact of
biopsy site selection through a large-scale, retrospective anal-
ysis. Over 10years, 227 patients with confirmed synucleinopa-
thies (MSA and LBD cases, including PD and DLB) underwent
double 3-mm punch biopsies at three standardised anatomical
sites: cervical region (CE), thigh (TH) and distal leg (LEG). The
main objectives are: (1) to assess the relative diagnostic yield of
different biopsy sites; (2) to lay the foundations for evaluating
whether site-specific patterns of pS129-a-syn distribution vary
across synucleinopathy subtypes; (3) to provide evidence-based
recommendations for biopsy protocols that balance diagnostic
sensitivity with patient tolerability.

By leveraging a uniquely large and methodologically consistent
cohort, this research seeks to contribute toward the standardi-
sation of skin biopsy-based diagnostics in synucleinopathies and
to deepen the understanding of their peripheral pathological
signatures.

2 | Materials and Methods
2.1 | Study Design and Inclusion Criteria

The retrospective study includes 227 patients with a confirmed
diagnosis of LBD (n=194) and MSA (n=33) according to ac-
cepted diagnostic criteria [20-22], that underwent a double
3-mm punch biopsy from three sites: CE, TH and LEG, between
2013 and 2023 at the IRCCS Institute of Neurological Sciences
of Bologna (Italy) (Table 1). The biopsies were collected both as
part of routine clinical evaluation and for research purposes,
specifically for studies previously conducted [1-8-17]. This
retrospective chart review study involving human participants
was approved by the local Human Ethics Committee (Comitato
Etico Indipendente-AUSL Bologna, cod. 13,004) and in accor-
dance with the Helsinki Declaration and its later amendments
regarding international clinical research involving human be-
ings. Written informed consent was obtained from all partici-
pants before their inclusion in the study.

2.2 | Skin Biopsy

Skin biopsies were performed following previously established
protocols [17]. Specifically, 3mm punch biopsies were collected
from proximal and distal hairy skin sites. The proximal site was
the cervical C7 paravertebral area (5cm from the midline), while
the distal sites were located on the thigh (15cm above the pa-
tella) and leg (10cm above the lateral malleolus). Two samples
were collected from each skin site (approximately 3cm apart) to
ascertain the widespread spatial distribution of abnormal o-syn
deposits, resulting in a total of six skin samples [8, 23]. Following
previously published procedures, skin samples were immedi-
ately fixed in cold Zamboni's fixative and stored at 4°C overnight.

2.3 | Immunofluorescence and Image Analysis

10-pum-thick sections were obtained using a cryostat (CM 1950;
Leica, Deerfield, IL, United States). For each patient, three sec-
tions from each skin biopsy were taken at 500 um intervals and
mounted on slides [11]. The slides were stained in an incuba-
tion chamber. The tissues were incubated in a blocking solution
(5% normal donkey serum and 0,3% Triton X-100 in 0,1 M PBS,

TABLE1 | Demographic data of recruited subjects who underwent skin biopsy.

n. of Age (years), dd (years), dd <2years, n. of dd >2years, n. of
Group patients Sex (M/F) mean +SEM mean +SEM patients (M/F) patients (M/F)
LBD 194 125/69 70.6+0.57 5.3+0.38 66 (41/25) 128 (84/44)
MSA 33 23/10 62.6+1.46 3.7+0.32 9 (6/3) 24 (17/7)

Abbreviations: dd, disease duration; F, female; LBD, lewy body diseases; M, male; MSA, multiple system atrophy.
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TABLE 2 | Panel of primary antibodies.

pS129-a-syn antibodies (clone) Host species, clonality Dilution Company Catalog number
EP1536Y Rabbit, monoclonal 1:500 Abcam ab51253
PGP9.5 antibodies (clone) Species, types Dilution Supplier Catalog number
BH7 Mouse, monoclonal 1:750 Abcam ab72911

pH7.4) for 20min at room temperature (RT). The sections were
double-immunostained overnight at 4°C with primary antibod-
ies against p129-a-syn and pan-neuronal marker protein gene
product 9.5 (PGP9.5) (as detailed in Table 2) (Figure 1). The cor-
relation between p129-a-syn markers and PGP9.5 facilitated the
authentication of the intraneuronal deposits, thereby excluding
non-specific dot-like staining commonly observed within mem-
branes, sweat gland tubules, or vessel endothelium [17]. After
washing, secondary antibody incubation was conducted for 1 h
at RT. As secondary antibodies, an anti-rabbit Alexa Fluor(R)
488 and anti-mouse Jackson cyanine dye fluorophores 3.18
(1:400; Jackson ImmunoResearch, West Grove, PA, USA; cod.
711-545-152 for rabbit AlexaFluor488 and 715-165-150 for
mouse cyanine 3) were used. All antibodies were diluted in a

buffer composed of 1% normal donkey serum and 0,3% Triton
X-100in 0,1 M PBS, pH 7.4. All the slides were washed with PBS
(PBS 0,1M pH 7.4) three times for 5min after each incubation.
Post-staining, coverslips were mounted on slides, using an aque-
ous fluorescence mounting medium (Dako, S3023).

The criteria followed for defining pS129-a-syn positivity were
previously described and mainly based on the correspondence
between pS129-a-syn and PGP9.5 staining [2, 24, 25]. Two au-
thors with expertise in immunofluorescence analysis (V.D. and
A.L) carried out image analysis blinded to clinical diagnoses.
Co-localisation digital images were acquired using a laser-
scanning confocal microscope (Nikon confocal microscopy,
Eclipse Ti Al, Japan) as previously detailed [8].

FIGURE1 | Confocal immunofluorescentimage of pS129-a-syn deposits within neurons of the arrector pili muscle from a skin biopsy of a patient

with Lewy body disease (LBD). (A) Representative confocal image of an arrector pili muscle from a leg skin biopsy of a patient with LBD. Peripheral

nerve fibers are labeled with the pan-axonal marker PGP9.5 (green) and pathological phosphorylated a-synuclein (pS129-a-syn; red) is detected

within nerve fibers. Colocalisation of PGP9.5-positive neurites with pS129-a-syn aggregates indicates deposition of pathological a-synuclein in the

cutaneous autonomic innervation. (B and C) Split-channel images of the same field displaying PGP9.5 (green) and pS129-a-syn (red) individually to

illustrate their precise spatial distribution within the arrector pili muscle. Scale bar: 50 um.
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2.4 | Quantitative and Statistical Analysis

Quantitative analysis focused on synaptic and non-synaptic fi-
bers. Synaptic fibers were identified near terminal nerve endings
associated with skin vessels (SV), sweat glands (SG), or muscle
erector pili (MEP), while non-synaptic fibers included the axons
of nerve plexuses (PLX). Staining was deemed positive when a
single skin nerve fiber exhibited positive staining corresponding
with PGP9.5 positivity at high magnification (X400).

Patients with positive staining were categorised based on the lo-
cation of the detected positivity, irrespective of the amount, the
number or type of structures involved. The subgroups were as
follows: positivity detected only in the cervical region (CE), only
in the thigh (TH), only in the leg (LEG), in both CE and TH, in
both CE and LEG, in both TH and LEG and in CE, TH and LEG.
Statistical analysis was performed to assess the sensitivity of
different biopsy site combinations, considering stratified groups
based on pathology, sex and disease duration. Categorical vari-
ables were presented as absolute and relative frequency (%). The
association between categorical variables was assessed using
Fisher's exact test due to the small sample size and the presence
of expected cell counts below 5, which limits the applicability of
the x2. Continuous variables, including patient age and disease
duration, were expressed as means =+ standard error of the mean
(SEM). A p-value <0.05 was considered statistically significant.
Microsoft Excel (Office 365) and the GraphPad Prism version 8
(GraphPad Software, San Diego, CA, USA) were used to conduct
statistical analysis.

3 | Results

3.1 | High Diagnostic Accuracy of Cervical and Leg
Dual-Site Skin Biopsy for LBD Detection

Within the cohort of LBD-positive patients, defined based on the
detection of p129-a-syn biomarker across three biopsy sites, the
distribution of positivity and stratification by sex and disease du-
ration (dd) are presented in Table 3. To identify a potentially less
invasive yet diagnostic effective biopsy strategy, we assessed how
many patients would have been correctly identified as positive

based on different site combinations, using the data reported in
Table 3. The diagnostic accuracy of each alternative sampling
strategy is summarised in Table 4. Among the evaluated com-
binations, the dual-site sampling involving the CE and the LEG
yielded the highest diagnostic performance, identifying 97.68%
(189/194) of LBD-positive cases. This included 98.48% (65/66) of
patients with dd <2years and 96.88% (124/128) of those with
dd >2years. Although raw data suggested a slightly higher
sensitivity in males compared to females across both disease
duration subgroups (100% vs. 96% (24/25) for dd <2years and
97.62% (82/84) vs. 95.45% (42/44) for > 2years), statistical analy-
sis using Fisher's exact test revealed no significant associations
between diagnostic accuracy and either sex or disease duration.
Specifically, diagnostic accuracy using the CE+ LEG combina-
tion was independent of sex (p =0.38 for dd <2years; p=0.60 for
dd > 2years) and of disease duration (p=0.66 in males; p=0.64
in females). Taken together, these findings demonstrate that
dual-site skin biopsy at the CE and LEG regions (with two sam-
ples per site, at 10um thickness) provides a high sensitivity for
the detection of LBD, while allowing for the omission of thigh
sampling. This approach may therefore represent a clinically
effective compromise between diagnostic accuracy and proce-
dural burden and patient tolerability.

3.2 | High Diagnostic Accuracy of Cervical and Leg
Dual-Site Skin Biopsy for MSA Detection

In patients diagnosed with MSA, based on the detection of
pS129-a-syn across the three biopsy sites, the distribution of
positive findings stratified by sex and disease duration is re-
ported in Table 5. Following the same analytical approach used
for LBD, we explored whether alternative, less invasive site
combinations could retain comparable diagnostic performance,
evaluating how many patients would have been correctly iden-
tified as positive based on different site combinations, using
the data reported in Table 5. The diagnostic accuracy of each
alternative sampling strategy is summarised in Table 6. Among
the site combinations tested, the dual-site sampling of the CE
and LEG regions showed the highest diagnostic accuracy across
all subgroups, regardless of sex or disease duration, achieving a
sensitivity of 100%. It should be noted, however, that the number

TABLE 3 | Distribution of positivity in LBD-positive cases included in the study, that is, those biopsied from the three sites, stratified by sex and

disease onset (dd).

Sites where N.of LBD N. of LBD % of LBD pt. N. of LBD N.of LBD % of LBD pt.
positives were pt. (F) dd pt. (M) dd (F+M)dd pt. (F) dd pt. (M) dd (F+M)dd
found <2years <2years <2years >2years >2years >2years
Only CE 3 7 15.15 7 11 14.06
Only TH 1 0 1.52 2 2 3.13
Only LEG 5 6 16.67 3 4 5.47
CE+TH 5 6 16.67 5 11 12.50
TH+LEG 3 2 7.58 5 3 6.25
CE+LEG 1 2 4.55 6 8 10.94
CE+TH+LEG 7 18 37.88 16 45 47.66

Abbreviations: CE, cervical; dd, disease duration; F, female; LBD, lewy body diseases; M, male; pt., patients; TH, thigh.
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TABLE 4 | Number of identifiable LBD patients for each possible site combination sampling.

N. of
N. of LBD pt. % of N. of N.ofe N. of % of

Sites LBDpt. (F+M) LBD LBDpt. LBDpt. LBDpt. LBD pt.
combination N. of LBD pt. (F) (M) dd dd pt.dd (F)dd M)dd F+M)dd F+M)dd
sampling dd <2years <2years <2years <2years >2years >2years >2years >2years
Only CE 16 B+5+1+7) 33 49 74.24 34 75 109 85.16
Only TH 16(1+5+3+7) 26 42 63.64 28 61 89 69.53
Only LEG 16(5+3+1+7) 28 44 66.67 30 60 90 70.31
CE+TH 20 35 55 83.33 41 80 121 94.53

B+1+5+3+1+7)
TH+LEG 22 34 56 84.85 37 73 110 85.94

(1+5+5+3+1+7)
CE+LEG 24 41 65 98.48 42 82 124 96.88

B+5+5+3+1+7)

Note: Based on the distribution of positivities reported in Table 3, this table shows the number of positive patients who would have been detected if only certain sites or
combinations of them and not all three (inclusion criterion), had been analysed. In the second column, for illustrative purposes, the data referenced in parentheses are
shown, which can be found in reference Table 3. Bold type is intended to highlight the values obtained with the combination of CE + LEG, as this is the key result of
the project.

TABLE 5 | Distribution of positivity in MSA-positive cases included in the study, i.e., those biopsied from the three sites, stratified by sex and
disease onset (dd).

Sites where N. of MSA N. of MSA % of MSA pt. N. of MSA N. of MSA % of MSA pt.
positives were pt. (F) dd pt. (M) dd (F+M)dd pt. (F) dd pt. (M) dd (F+M)dd
found <2years <2years <2years >2years >2years >2years
Only CE 0 0 0 0 1 4.17
Only TH 0 0 0 0 0 0

Only LEG 0 1 11.11 1 3 16.67
CE+TH 0 0 0 2 0 8.33
TH+LEG 1 0 11.11 2 4 25.00
CE+LEG 0 1 11.11 0 1 4.17
CE+TH+LEG 2 4 66.67 2 8 41.67

Abbreviations: CE, cervical; dd, disease duration; F, female; M, male; MSA, Multiple System atrophy; pt, patients; TH, thigh.

TABLE 6 | Number of identifiable MSA patients for each possible site combination sampling.

Sites N. of MSA N. of MSA N. of MSA N. of MSA

combination pt. (F) dd pt. (M) dd % of MSA pt. pt. (F) pt. M) dd % of MSA pt.
sampling <2years <2years (F+M) <2years dd >2years >2years (F+M)>2years
Only CE 2 5 77.78 4 10 58.53

Only TH 3 4 77.78 6 12 75.00

Only LEG 3 6 100.00 5 16 87.50
CE+TH 3 5 88.89 6 14 83.33
TH+LEG 3 6 100.00 7 16 95.83
CE+LEG 3 6 100 7 17 100

Note: Bold type is intended to highlight the values obtained with the combination of CE + LEG, as this is the key result of the project.

of MSA-positive patients was substantially lower than in the distal-site combination of TH and LEG, suggesting that this pair-
LBD cohort, which warrants cautious interpretation. Notably, a ing may also offer substantial diagnostic value. Moreover, in the
similarly high sensitivity (97.92%, 32/33) was observed with the early disease phase (<2years), LEG biopsy alone was sufficient
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to detect positivity in both male and female, with a sensitivity
of 100%, despite the limited number of cases. Altogether, these
data support the diagnostic utility of CE and LEG dual-site bi-
opsy in MSA, offering excellent sensitivity while reducing the
need for additional sampling. Again, this approach may serve
as a viable, less invasive alternative to tri-site protocols, with po-
tential benefits in clinical feasibility and patient acceptability.

4 | Discussion

Previous studies have emphasised the importance of optimiz-
ing biopsy protocols, particularly the selection of biopsy sites,
to maximise sensitivity and reproducibility in detecting pS129-
a-syn [7, 17, 26, 27]. The present study provides robust evidence
supporting the high diagnostic accuracy of skin biopsy-based
detection of pS129-a-syn in patients with LBD and MSA. By le-
veraging a large, retrospectively collected cohort and applying
a rigorously standardised protocol for biopsy sampling and im-
munostaining across 10years, we systematically compared the
diagnostic yield of various anatomical site combinations.

Our findings confirm that the dual-site sampling from the cervi-
cal and distal leg regions provides excellent diagnostic sensitivity
in both LBD and MSA, supporting the use of this strategy as a
less invasive alternative to traditional tri-site protocols. Notably,
diagnostic accuracy in both disorders was not significantly influ-
enced by sex or disease duration. However, these data should be
interpreted with caution, as further validation in larger, more di-
verse cohorts is needed to conclusively confirm the independence
of diagnostic accuracy from sex and disease duration [14, 28]. In
this context, it is noteworthy that emerging a-synuclein seeding
assays such as RT-QuIC and PMCA have also shown promise.
In autopsy skin, RT-QulC achieved sensitivities up to ~94% and
specificity ~98%, while PMCA reached ~82% sensitivity and ~96%
specificity [29, 30]. However, performance on in vivo skin sam-
ples, likely due to the lack of standardisation and variable inter-
laboratory reproducibility, remains inconsistent and often does
not exceed that of immunofluorescence [30-32]. Consequently,
while these techniques could serve as complementary or future
alternatives, their most consistent performance has so far been
reported on more invasive matrices, such as CSF or olfactory
mucosa, where RT-QulC has demonstrated high sensitivity and
specificity in living patients [33].

One relevant insight from this study concerns the distinct distribu-
tion patterns of pS129-a-syn deposition between disease subtypes.
Prior studies have suggested possible regional differences in sy-
nucleinopathies, such as a tendency toward distal involvement in
MSA and more widespread or proximal patterns in PD and DLB
[15, 16, 23] and our findings offer additional, structured evidence
in this direction. Specifically, our data suggest that LBD positivity
is more diffusely distributed across both proximal and distal sites;
in contrast, MSA patients show a predominantly distal deposition
pattern. Furthermore, combining thigh and leg samples in MSA
reached nearly 98% sensitivity (97.92%, 32/33), with the leg sam-
ple alone showing 100% sensitivity for early-stage MSA. Although
the sample size for MSA was limited and precludes definitive
conclusions, these findings suggest that disease-specific and po-
tentially stage-dependent topographical patterns of a-synuclein
deposition exist, warranting further investigation to understand

the pathophysiological implications of these findings. However, it
is also important to consider the findings of Gibbons et al. [7], who
observed a proximal-to-distal gradient in PD patients and a more
evenly distributed deposition pattern in MSA [4]. The discrepan-
cies between these studies may reflect differences in study design,
patient cohorts, or methodological approaches and thus, further
research is necessary to reconcile these observations. A key point
is the potential role of disease stage in shaping the distribution
of a-synuclein deposition. In our data, early-stage MSA shows a
clear distal predominance of deposition, whereas more advanced
stages exhibit a more diffuse distribution of deposits. This pattern
is consistent with the hypothesis proposed by them, where pro-
gression in MSA may lead to a broader spread of a-synuclein pa-
thology. Thus, we suggest that the stage of the disease could be a
critical factor influencing the observed distribution patterns and
this needs to be explored further to better define the pathophys-
iological mechanisms underlying these topographical changes.
Future studies with larger cohorts will be crucial to determine
whether these patterns reflect pathophysiological differences or
variable disease kinetics and to refine the biomarker's diagnostic
and stratification utility accordingly.

A major strength of our study lies in its methodological unifor-
mity. All biopsies were performed according to a predefined
tri-site protocol, with two 3mm punches per site and processed
using harmonised cryosectioning (10 um) and double immuno-
fluorescence labelling for pS129-a-syn and the pan-neuronal
marker PGP9.5. These methodological choices were informed
by prior work identifying them as critical for maximizing de-
tection sensitivity and reproducibility [17, 34]. This level of stan-
dardisation, which is often lacking in the current literature,
allowed us to minimise technical variability and isolate the ef-
fect of anatomical site selection on diagnostic accuracy. In this
regard, the study not only assesses diagnostic performance but
also advances the field toward a more harmonised and scalable
diagnostic workflow.

From a clinical perspective, reducing the number of required
biopsy sites without compromising diagnostic accuracy holds
clear advantages. Skin biopsy, although minimally invasive, is
not entirely free from patient discomfort or procedural risk [35].
Our data suggest that omitting the thigh site, which offers mini-
mal additional diagnostic value, is both justifiable and desirable.

Despite these strengths, several limitations should be acknowl-
edged. First, the retrospective design of the study introduces
inherent biases related to patient selection and clinical classifica-
tion, although all cases were diagnosed according to established
clinical criteria [36]. Second, the MSA subgroup, although meth-
odologically consistent, was relatively small, limiting statistical
power for subgroup comparisons and highlighting the need for
replication in larger multicenter cohorts [37]. Additionally, we
observed potential disease-specific deposition patterns of pS129-
a-syn, but these findings remain exploratory and require further
validation. Moreover, we did not perform RT-QuIC on skin biop-
sies. Future studies combining immunofluorescence with seeding
assays will be critical to define the optimal diagnostic workflow.

In conclusion, this study supports the use of CE 4+ LEG dual-site
skin biopsy with two 3-mm punches per site as a sensitive, stan-
dardised and clinically feasible method for the in vivo diagnosis
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of LBD and MSA. This approach offers a strong balance be-
tween diagnostic accuracy and procedural burden and may
serve as a foundation for unified protocols across clinical and
research centres. Moreover, the differential distribution patterns
observed between LBD and MSA suggest that skin biopsy may
offer not only diagnostic value but also insights into disease-
specific pathophysiology. Future prospective studies incorporat-
ing pathological confirmation and long-term clinical follow-up
will be essential to validate and expand upon these findings and
to further consolidate skin biopsy as a core biomarker tool in the
diagnostic strategies for synucleinopathies.
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