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Abstract

Aims: To develop a standardised, automated protocol for detecting protein gene
product 9.5 (PGP9.5) positive intra-epidermal nerve fibres (IENFs) in skin biopsies,
transitioning from the established manual technique to an automated platform. This
automated method, although currently intended for research applications, may
improve the accessibility of this diagnostic test for small fibre neuropathy in clinical
settings.

Methods: Skin biopsies (n = 274) from 100 participants (fibromyalgia syndrome
n = 62; idiopathic small fibre neuropathy: n = 16; healthy volunteers: n = 22) were
processed using an automated immunohistochemistry platform. IENF quantification
was performed by blinded examiners, with reliability assessed via a two-way mixed-
effects model to evaluate inter- and intra-observer variability.

Results: The automated staining system reproduced intra-epidermal nerve fibre den-
sity (IENFD) counts consistent with free-floating sections (mean + standard devia-
tion: free-floating: 5.6 + 3.4 fibres/mm; automated: 5.9 + 3.2 fibres/mm). A median
difference of 0.3 with a lower bound 95% Confidence Interval (Cl) at —0.00005
established non-inferiority against a margin of —0.4 (p = .08). Specifically, the inter-
class correlation coefficient (class denotes consistency in measured observations)
was 99% (95% Cl: 0.9-1), indicating excellent agreement between free-floating and
automated methods. The inter- and intra-class coefficient between examiners were
both 99% (95% Cl: 0.9-0.1) for IENFD, demonstrating high reliability using sections
stained using the automated method.

Interpretation: Automated immunohistochemistry provides high-throughput reliable
and reproducible intra-epidermal nerve fibre quantification. This method, although
currently proof-of-concept, for research use only, may be more widely deployed in
histopathology laboratories to increase the adoption of IENFD assessment for the

diagnosis of peripheral neuropathies.

KEYWORDS
automated, density, digital pathology, fibromyalgia syndrome, immunohistochemistry, intra-
epidermal nerve fibres, pathology, quantification, small fibre neuropathy
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1 | INTRODUCTION

A recent scoping review identified 73 human diseases in which intra-
epidermal nerve fibre density (IENFD) was affected in studies quanti-
fying cutaneous nerves in a standardised manner using protein gene
product 9.5 (PGP9.5). Indeed, intra-epidermal nerve fibre quantifica-
tion in skin biopsies is considered a reliable diagnostic tool for identi-
fying small-fibre neuropathies.? Skin biopsies are routine procedures
frequently used for the diagnosis of skin conditions.®> The develop-
ment of a method to quantify IENFD* and the creation of a normative
reference range® have positioned skin biopsy and IENFD assessment
as the de facto diagnostic reference standard for small fibre neuropa-
thy (SFN).7

Currently, free-floating sections are prepared according to pub-
lished recommendations to identify PGP9.5 positive cutaneous nerve
fibres® and autonomic innervated structures® in skin biopsy speci-
mens. Indeed, seminal contributions by Lauria and colleagues have

established a robust foundation.>® 1>

Manual free-floating
section methods yield excellent staining outcomes which, with exper-
tise, have minimal handling and staining artefacts. However, such
manual staining regimens are time-consuming and require careful han-
dling in well-established skin biopsy laboratories to prevent damage
or the introduction of artefacts during reagent pipetting and
section transfer. Thus, for intra-epidermal nerve fibre quantification to
be incorporated into the workflow of a busy diagnostic laboratory,
procedures must be reliable and both time and labour efficient with
protocols matching the high-volume throughput of diagnostic histopa-
thology services.

Here, we aimed to develop an automated version to improve both
accessibility and scalability. The use of automated tinctorial and
immunohistochemical staining is becoming increasingly necessary to
fulfil the growing number of clinicians' requests.?®*” Indeed, it has
been proposed that immunofluorescent signal intensity could be used
as a marker for IENFD.'® However, immunofluorescence staining sig-
nal can fade'” and there are barriers to implementation of digital
pathology.?° As such, we chose 3,3'-Diaminobenzidine (DAB) as the
visualisation method for the present study to match current diagnostic
histopathology workflows.

In this study, we detail a quality-assured process for the auto-
mated staining of PGP9.5 positive IENFs in skin biopsy sections,
which can be optimised for use on other automated immunohisto-
chemistry platforms. We report intra-epidermal nerve fibre densities
and the associated inter- and intra-class coefficients of examiners per-
forming intra-epidermal nerve fibre quantification in healthy control
participants, people with fibromyalgia syndrome and idiopathic small

fibre neuropathy.

2 | MATERIALS AND METHODS

Participants with fibromyalgia syndrome, idiopathic small fibre neu-
ropathy and healthy volunteers were recruited. A priori ethical
approval was obtained (North West—Preston Research Ethics
Committee—REC reference: 19/NW/0078; South West—Frenchay

Research Ethics Committee REC reference: 20/SW/0138) and all par-
ticipants provided written informed consent. An overview of the auto-

mated immunohistochemistry workflow is shown in Figure 1.

3 | PUNCHBIOPSY COLLECTION AND
PROCESSING

Participants with fibromyalgia syndrome and healthy volunteers
underwent punch biopsies of the proximal thigh, distal lateral thigh
and distal leg (Figure 2). Participants with idiopathic small fibre neu-
ropathy underwent punch biopsy at the distal lateral thigh and distal
leg only. The distal site was selected in keeping with where published
normative reference ranges have been reported.®> Punch biopsies
were performed after local 2% lidocaine injection using sterile tech-
nique with a 3 mm disposable circular punch (INSTRAPAC biops, Cat-
alogue number 8181). No sutures were required. Immediately after
skin biopsy, specimens were fixed in cold 2% paraformaldehyde-lysine
periodate (2% PLP) (Paraformaldehyde: Merck Life Science UK Lim-
ited, Dorset, UK, Catalogue number #P6148; Sodium (meta) period-
ate: Merck Life Science UK Limited, Dorset, UK, Catalogue number
769517; L-Lysine monohydrochloride: Merck Life Science UK Limited,
Dorset, UK, Catalogue number 657-27-2) for 24 h at 4°C and then
cryoprotected using gradient 10%, 20% and 30% sucrose in phos-
phate buffered saline (Merck Life Science UK Limited, Dorset, UK,
Catalogue number 57-50-1) for 48 h at 4°C.

3.1 | Embedding and cryotomy

Specimens were bisected and embedded transversely in optimum cut-
ting temperature compound (Leica Biosystems, Milton Keynes, UK,
Tissue Freezing Media, Catalogue number: #14020108926) filled
moulds and snap frozen in liquid nitrogen for serial skip-sectioning on
a cryostat (Leica Biosystems, IL, USA, Leica CM1950). Twelve sections
at 50 um were adhered to positively charged adhesive glass slides
(ThermoFisher, Loughborough, Leicestershire, UK, Catalogue number:
#10149870) from each biopsy site resulting in six sections per slide
for analysis and a spare. This allowed for a 50 um trim between serial
sections whilst allowing restaining if there are artefacts in the initial

immunohistochemistry staining run.

3.2 |
fibres

Demonstration of intra-epidermal nerve

Slides were stained on a barcode programmable automated immuno-
histochemistry platform (Leica Biosystems, IL, USA, Bond RXm Auto-
stainer) using rabbit anti-human PGP9.5 (ThermoFisher, Rockford, IL,
USA, Catalogue number #PA5-29012) at 650 ng/mL. Antibody bind-
ing sites were visualised using DAB to form insoluble brown polymeric
horseradish peroxidase-linker antibody conjugates (Leica Biosystems,
IL, USA, Bond Polymer Refine Detection kit DS9800). The staining
protocol programme is summarised in Table 1. Each run was validated
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FIGURE 1 The standardised workflow of automated intra-epidermal nerve fibre quantification. Skin biopsies were collected and fixed for

24 h in 2% paraformaldehyde-lysine-periodate and cryo-protected in gradated 10%, 20% and 30% sucrose solution for 48 h. Samples were
bisected and embedded transversely in moulds filled with optimum cutting temperature compound and snap frozen in liquid nitrogen. Specimens
were kept in labelled cryo-vials with labelled slides stored in slide freezer boxes housed in temperature-monitored —80°C freezers. Skin biopsy
sections were trimmed and skip-sectioned on the cryostat with sections picked up on positively charged adhesive glass slides.

Participants with
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®

Proximal Lateral Thigh
FIGURE 2 The punch biopsy site
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by a known PGP9.5 positive tissue section and a slide which received motorised confocal microscope (Carl Zeiss Ltd., Cambridge, UK, Zeiss
all reagents except the primary antibodies acting as a negative control. LSM 800) using Z-stacking and processed into a single image using
Slides were coverslipped using an automated coverslipper (Leica Bio- extended depth of field. Sections for dermis measurement were
systems, IL, USA, CV5030). The sections were imaged using a fully imaged using an automated slide scanner (Carl Zeiss Limited,
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TABLE 1 Automated immunohistochemistry protocol for the
demonstration of protein gene product 9.5"¢ intra-epidermal nerve

fibres.

Time
Reagent (Minutes) Notes
1% Triton X in TBS 15(3 x 5) Permeabilisation
Peroxide Block 15(1 x 15)
PGP9.5 (PA529012 360 (3 Primary antibody; 100 uL
[1:400]) x 120) dispensed.
Secondary Detection 120 (2 x 60)  Secondary antibody and
Polymer detection
Detection Kit 15(1x 5,1 Visualisation
(DAB/Neutral Red) x 10)
Counterstain NA Haematoxylin optional

Option for Multiplex -
Staining

Abbreviations: DAB, 3,3'-Diaminobenzidine; PGP9.5, protein gene
product 9.5; TBS, Tris-buffered saline.

Cambridge, UK, Zeiss Axioscan Z1) (ocular micro-meter calibrated)
using a 20x objective (Carl Zeiss Ltd., Cambridge, UK, Zeiss, Plan-
Apochromat 20x/NA 0.8). All slides were barcode labelled with their
respective study identifier, biopsy site and immunohistochemistry run
details and catalogued in number order in slide archive boxes.

3.3 | Quality assurance

Positive and negative control material were assessed to validate a
slide run. Slides were assessed to ensure correct tissue orientation
and the absence of folds, creases, chatters and scores. Sections which
passed quality assurance and control procedures were numbered
sequentially from the first to the last viable section and circled to
ensure examiner's counts belonged to the same section and to facili-

tate scanning at different focal depths.

3.4 | Dermis measurement

Processing of whole-section z-stacked images included minimum
intensity z-projection and median filtering to obtain cropped black
and white images using F1J1,2* a freely available open source software
(https://fiji.sc/). This step was necessary to reduce file size and only
preserve the section image after slide scanning. After image proces-
sing, specimens were manually measured using FlJI to determine the

epidermis length.

3.5 | Intra-epidermal nerve fibre quantification

IENFs were observed by using bright-field microscopy and manually

counted at 40x magnification (Olympus, Southend-on-Sea, UK,

UPlanFL 40x/ NA 0.75) by two independent examiners in a masked
and randomised fashion. Each section was counted by at least two
examiners who were researchers associated with this study (JB and
LR). Disagreements greater than 10% were arbitrated by an additional
examiner (UA). JB received intensive training in intra-epidermal nerve
fibre quantification by UA prior to study initialisation. IENFs which
cross the papillary dermis-epidermal junction were counted as per the
European Federation of Neurological Societies guidelines.t?2
The IENFD was calculated in at least three sections per site using the
total number of IENFs per site divided by the total length of the epi-
dermis (fibres/mm).

3.6 | Statistical analysis

All statistical analyses were performed using R software (version
4.0.2). Differences in intra-epidermal nerve fibre densities between
free-floating and automated methods were assessed using the Wil-
coxon signed-rank test for matched pairs data. The median difference
of IENFD was calculated and non-inferiority of the automated method
was determined by the lower confidence limit of the 95% confidence
interval for the median difference exceeded a non-inferiority margin
of —0.4 fibres/mm. The non-inferiority margin for comparing free-
floating and automated methods was based on the smallest difference
in the 95th percentile cut-offs for healthy individuals, adjusted for age
and sex.’ To assess the reliability of measurements between and
within examiners, intra-class and inter-class correlation coefficients
(ICCs) were calculated using the ‘irr’ package in R.2® These coeffi-
cients and their respective 95% confidence intervals were derived
using a mean-rating (k = 2) two-way mixed-effects model. ICC values
were interpreted according to the guidelines proposed by Koo and Li:
<0.5 indicates poor reliability, 0.5-0.75 indicates moderate reliability,
0.75-0.9 indicates good reliability and 0.9 signifies excellent reliabil-
ity.2* In the present study, ‘class’ refers to the group of observations
being measured for consistency, such as IENFD calculations. In addi-
tion to the ICC analysis, the mean difference in scores between exam-
iners, standard deviations and intra-epidermal nerve fibre densities
were calculated. Differences in IENFD between methods and exam-
iners were evaluated using delta values, representing the differences
between paired measurements. Bland-Altman plots were used to
visualise delta values against the mean of the paired measurements,
providing a graphical representation of the agreement between the
methods and examiners providing a visual representation of measure-

ment concordance.

4 | RESULTS

Representative images of the positive control (Figure 3A) and the neg-
ative control (Figure 3B), (the latter omitting the primary antibody),
clearly delineate the IENFs stained with PGP9.5. An example of a
section stained using the automated method which would be counted

by the study examiners is shown in Figure 3C to illustrate this process.
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FIGURE 3 Representative scanned images of staining outcomes of sections stained using the free-floating and automated staining methods.
(A) Top—representative image of PGP9.5, a negative control section (no primary antibody control); bottom—representative image of a known
positive PGP9.5 control section. (B) Photomicrograph prepared using a confocal microscope capturing z-stacked images processed using
extended depth of field and median filtering to illustrate the intra-epidermal nerve fibres (IENFs) which would be counted. The IENFD can be
calculated per biopsy by counting the total number of IENFs in at least three sections divided by the total length of the epidermis (fibres/mm).
(C) Representative images of the staining outcomes between free-floating and automated staining methodologies illustrating their similarity in
both quality and intensity. (D) Representative images at 40x magnification using the automated methodology of all sampled anatomical sites of a

single participant.

As shown in Figure 3D, the free-floating and automated staining
methodologies both yield high-quality staining outcomes in visualising

cutaneous nerve fibres.

4.1 | Non-inferiority of free-floating and
automated intra-epidermal nerve fibre densities

From nine biopsies, a total of 54 sequential tissue sections were ana-
lysed by the same examiner; 27 sections were stained using the free-
floating method and 27 via the automated method. As shown in
Figure 4 (left), measurements of IENFD from both methods are
aligned along the line of equality (R? =.98). Further, the Bland-
Altman plot demonstrates that intra-epidermal nerve fibre densities
resided within the predefined limits of agreement (Figure 4; right).
The automated method was found to be non-inferior to the manual
free-floating method in paired comparison of calculated intraepider-
mal nerve fibre densities (median difference 0.3; lower 95% confi-
dence interval (Cl) —0.00006; p = .08). Indeed, the intra-class
correlation coefficient 99% (Cl: 0.9-1), indicated a high agreement
between the free-floating and automated methods. Similarly, the
mean (+ standard deviation) IENFD were in close agreement (Free-
floating: 5.6 + 3.4 fibres/mm; Automated: 5.9 + 3.2 fibres/mm).

4.2 | Reliability of intra-epidermal nerve fibre
density measurements

IENFD measurements from two examiners and repeat assessments by
the same examiner clustered around the line of equality (both
R? = .99; Figure 5A). Bland-Altman plots show measurements fall
within the established limits of agreement (Figure 5B). The inter-class
correlation coefficients indicate excellent reliability between exam-
iners at 99.7% (Cl: 0.99-1) for intra-epidermal nerve fibre densities.
The average discrepancy between examiners was minimal, at 0.02
+ 0.4 fibres/mm. Similarly, intra-observer reliability was excellent,
shown by an intra-class correlation of 99% (Cl: 0.99-1) and a mean
difference of 0.06 + 0.56 fibres/mm in repeated measurements by the
same observer.

4.3 | Participant characteristics

The clinical and demographic measures of the 100 participants (FMS,
n = 62; ISFN, n = 16 and HV, n = 22) who underwent skin biopsy are
shown in Table 2. The idiopathic small fibre neuropathy group were
older than the FMS and healthy control groups. There was a greater
proportion of females in all groups, which was greatest in the FMS
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FIGURE 4 Scatter plot and Bland-Altman analysis of intra-epidermal nerve fibre density comparisons between free-floating and automated
PGP9.5 staining methods. Left: A scatter plot illustrating the correlation between intra-epidermal nerve fibre densities as quantified by free-
floating and automated PGP9.5 staining methods which are aligned along the line of equality (R? = .98). Right: A Bland-Altman plot to show the
delta values are within limits of agreement indicative of similar reported densities between both staining methods. The red dashed line represents
the mean difference between the two methods, while the blue dashed lines indicate the limits of agreement, within which 95% of the differences

are expected to fall.

group. The fibromyalgia syndrome and idiopathic small fibre neuropa-
thy groups had similar durations of disease and higher blood pressure
and body mass index compared to the healthy control group, which
were highest in the ISFN group.

44 | Skin biopsy findings

A total of 274 punch biopsies were collected and a total of 784 sec-
tions were counted. The mean * standard deviation IENFD of healthy
volunteer participants were 11.5 + 4.0 fibres/mm, 11.9 + 4.7 fibres/
mm and 9.9 + 4.6 fibres/mm at the proximal thigh, distal lateral thigh
and distal leg, respectively. The IENFD of participants with fibromyal-
gia syndrome was 8.5 + 4.4, fibres/mm, 7.9 £ 4.6, fibres/mm and 7.2
+ 3.7 fibres/mm at the proximal thigh, distal lateral thigh and distal
leg, respectively. The IENFD of participants with idiopathic small fibre
neuropathy was 6.5 + 3.5 fibres/mm and 2.6 + 2.2 fibres/mm at the
distal lateral thigh and distal leg, respectively. While it was anticipated
that more proximal sites have a higher IENFD, our findings indicate
slightly higher values at the distal thigh relative to the proximal thigh,
which could be attributed to individual variability or sampling differ-
ences. Automated immunohistochemistry-stained tissue sections of
IENFs in healthy volunteers, participants with fibromyalgia syndrome
and those with idiopathic small fibre neuropathy are shown in
Figure 5C.

5 | DISCUSSION

We have successfully adapted an established research and clinical

technique into a method which may be implemented into the

workflow of a routine histopathology laboratory. To our knowledge,
this is the first demonstration of the automation of intra-epidermal
nerve fibre assessment using thick 50 um sections and polymer DAB
visualisation methodology. We demonstrate excellent inter- and intra-
observer agreement in intra-epidermal nerve fibre quantification from
automated slide preparations. Skin biopsy processing and intra-
epidermal nerve fibre assessment are labour intensive and automated,
high-volume throughput is necessary for use in a dedicated neuropa-
thology reference laboratory. The present study demonstrates a work-
flow which can also be implemented in a specialised neuropathology
laboratory and may also be transferred to immunofluorescence tech-
niques. The IENFD data generated are consistent with the published
literature of studies using manual techniques, with the healthy volun-
teer participant values falling within the normative reference values at
the distal leg® with lower values in fibromyalgia syndrome and idio-
pathic small fibre neuropathy. The reliability and reproducibility of
intra-epidermal nerve fibre quantification in the present study is simi-
lar to earlier published data using manual free-floating staining
methodology.*2>2¢

Dermis measurement at scale requires a pixel classifier or tissue
recognition software to measure the dermis in a semi-automated
manner in scanned slides. Semi-automated nerve counting is possible
in DAB and fluorescence visualised sections.?” Key limitations for
automated nerve fibre quantification are section thickness, proces-
sing, freezing and cutting artefact and variability in manual staining
outcomes. Standardisation of high quality cryosections for automated
visualisation of IENFs could mitigate variability and increase
reproducibility.

Whilst this study is proof-of-concept, validation of these findings
in a reference laboratory may prove useful for accreditation and use

in clinical research. Indeed, the Royal College of Pathologists have

95UB01 7 SUOLULLOD AIIRID) 3cfedt [dde 8y Aq paueob 8.2 sao1ke O 9SN JO S3INJ 10j AIq1TaUIIUQ AB]IM UO (SUOTPUOO-PUR-SULLBHW0D" A3 |IM A Teq 1 jBUUO//SCIY) SUORIPUOD pue SWLB | 8U) 89S *[7202/TT/82] Uo AkeiqiTaulluo A81IM ‘ AINN STHOOIN NHOL TOOdYIAIT AQ 0S92T 'SUl/TTTT 0T/I0p/W0o A& 1M Afe.q 1 jpuuo//sciy Wouy papeojumod ‘€ ‘vZ02 '2208625T



BURGESS ET AL. Wl LEY 335

Examiners 1 and 2 (IENFD) Repeat Examiner 1 (IENFD)
v #*
[
7
7
7
. s
7
15 -
s
7z
7’
Z 7
é /./
£10 1%
. .(
'
>
Ty
>
\d
5 - <
e
/"
»}.
4
0 5 10 15 20 5 10 15
Reference Reference
Bland-Altman Plot of Examiners 1 and 2 Bland-Altman Plot of Repeat Examiner 1
N ° : 1 ®
= = @
() () =
T &~
£ £
, T o ey o e T R e
@Q @ -
o o
c [
o 2 v |
Q2 L o A L]
Q Q L]
4 £ o ° o . .
3 8 O e e
c c [} L L]
[ L ° o
£ £ < o *
a a e
e |
o . R
T T T T T T T T
0 5 10 15 20 5 10 15
Mean of Reference and Index Methods Mean of Reference and Index Methods

FIGURE 5 Legend on next page.

d ‘€ ‘Y20 'L20862ST

S//:scny wouy

)//:50NLY) SUONIPUOD PUe WS 1 8Y) 89S " [¥20Z/TT/82] Uo ARiqiauljuo AB[IM ' AINN STHOOW NHOE T00dHIAIT AQ 0S92T SUlTTTT 0T/10p/wod A8 |m'A

100 o M A

35UBD1 7 SUOWILLIOD 9AIREaID) 3|cedldde ay) A peusenob ale saie YO ‘8N Jo Sa|nJ oy Afelq 1 auljuQ 43|\ UO (SUOIPUOD-pUe:



2 | WILEY

BURGESS ET AL.

recently included IENFD assessment as part of the neuropathology
tissue pathway.?8

As a proof-of-concept study, we did not formally collect data on
laboratory personnel engagement, total procedure time, quality assur-
ance pass rates and restained section numbers. These aspects, in addi-
tion to cost analysis, scalability and the impact of this method on
costs and turnaround time, will be addressed in future studies. To
transition this proof-of-concept study to a properly powered compari-
son study, a sample size of 175 would be required to compare manual
and automated IENFD methodologies. We would expect that this
study should incorporate a detailed cost analysis to include initial
investment, operational costs, and time-efficiency of laboratory staff
for both methods. Furthermore, economic modelling throughout the
duration of the study would allow for comparison between cost-
benefit and return on investment. We would anticipate that these
data would allow an evaluation of whether the automated method
has a significant impact on both accessibility and reliability. Establish-
ing these parameters is essential for the adoption of automated
IENFD as a clinical standard which could substantiate this technique
for the diagnosis of small fibre neuropathies. Moreover, a limitation of

the current study is the lack of a blinded parallel proficiency test

TABLE 2 Clinical and demographic measures in participants.

Variable HV, n = 22
Age (Years) 43.3 (14.3)
Female—n, % 20, 64.5%
Years Since Diagnosis 0(0)
Systolic BP (mmHg) 126.6 (16.1)
Diastolic BP (mmHg) 78.9 (11.7)

BMI 28.2(5.7)

HbA1c mmol/mol 37.0(4.2)
Cholesterol mmol/I 5.0(1.2)
Triglycerides mmol/| 1.2 (0.5)
IENFD Proximal Thigh 11.5 (4.5)
IENFD Distal Thigh 11.9 (4.7)
IENFD Distal Leg 9.9 (4.6)
Number of biopsies—n 66

Note: 1 = Mean + Standard Deviation (SD) unless otherwise indicated.

comparing manual free-floating and automated methods across differ-
ent disease groups with an independent diagnostic IENFD laboratory.
Furthermore, a comprehensive analysis is warranted considering dif-
ferences in tissue characteristics and variability of biological tissues.
Moreover, the heterogeneous composition of IENFs due to inter-
individual morphological and pathological gradients of nerve loss in
patients with small fibre neuropathy should be considered to ensure
that automated methods are effective at detecting severe denerva-
tion.2? The implementation of this method requires on-board positive
and negative controls on each slide, which may pose challenges for
diagnostic laboratories.*° Difficulties may also arise from the need
for control tissue to undergo the same pre-analytical conditions such
as choice of fixative and duration of processing. A systematic
approach is needed for selecting PGP9.5 positive tissues to undergo
the same preparation as skin samples for the detection of PGP9.5
positive IENFs until an efficient workflow for wax-based preparations
can be found. Despite these challenges, a diagnostic lab could mitigate
these issues by systematically collecting skin biopsies identified as
benign skin lesions, and epithelial cells in mastectomy and nephrec-
tomy specimens, which will likely provide a dependable source of con-

trol material.

FMS, n = 621 ISFN, n = 16*
46.4(15.3) 57.8(10.9)
54, 88.5% 9,56.3%
7.3(6.7) 6.7 (5.4)
132.6 (19.1) 132.9 (24.3)
82.1(13.1) 84.7 (15.9)
29.6(7) 31.1(6.7)
35.8 (4.7) 38.0(2.9)
5.1 (1) 4.2(1.9)

1.7 (0.9) 1.1(0.6)

8.5 (4.4) NA

7.9 (4.6) 6.5(3.5)
7.2(3.7) 26(22)
178? 32

Abbreviations: BMI, body mass index; FMS, fibromyalgia syndrome; HV, healthy volunteer; ISFN, idiopathic small fibre neuropathy; mmHg, millimetres of

mercury; mmol, millimole; mol, mole.

@Four participants with fibromyalgia syndrome experienced syncope, preventing completion of biopsy collection at all sites.

FIGURE 5

Scatter plot, Bland-Altman analysis across examiners and representative staining outcomes of included participants. (A) Scatter

plots illustrating the correlation between intra-epidermal nerve fibre densities as quantified by examiners 1 and 2 (left) and repeated
quantification by examiner 1 (right) are both clustered around the line of equality (both R? = .99). (B) Bland-Altman plots of inter- (left) and intra-
observer (right) delta values of IENFD. The majority of data points fall within the limits of agreement, indicating a high level of concordance
between examiner 1 and 2 and repeat counts by examiner 1. The red dashed line represents the mean difference between the two methods. The
blue dashed lines indicate limits of agreement, within which 95% of the differences are expected to fall. (C) Representative staining outcomes of
healthy volunteers (HV; left), participants with fibromyalgia syndrome (FMS; middle) and small fibre neuropathy (SFN; right) of sections stained

using the automated staining method.
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6 | CONCLUSION

This study demonstrates that a standardised, automated protocol for
detecting cutaneous nerve fibres in skin biopsies is non-inferior to the
established manual technique. Biopsies from 100 participants yielded
consistent and reliable IENFD measurements. Given these results, the
automated method offers a promising avenue to facilitate broader
adoption in clinical and research settings for the assessment of periph-

eral neuropathies.
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