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Abstract

Background and aims: Normative values are lacking regarding intraepidermal nerve fiber density (IENFD) in thin
sections of 5 um. Thus, we aimed to assess IENFD in thin sections in a healthy adult population as well as to
investigate whether IENFD is related to age, sex, and site of excision.

Methods: Archival skin biopsies or excisions at the Department of Pathology, Lund, Sweden, from arm and leg
were collected, re-sectioned, and immunohistochemically stained for Protein Gene Product 9.5 during 2020-
2023. Nerve fibers were manually quantified in the 5 um thin sections, and IENFD was compared between age
groups, sex, and excision sites.

Results: IENFDs were evaluated in 602 samples from 591 healthy adults aged 18 to 97 years (295 women, 296
men). Median IENFD values are presented, stratified by age groups, sex, and excision sites. Higher IENFD was
observed in the arm compared to the leg, as well as in the proximal compared to the distal leg, however not
across all age groups. Levels of IENFD were lower among older adults, compared to all younger groups.

Conclusion: We have presented data on IENFD in thin 5 um sections from a healthy adult population. Despite
differences in IENFD observed across age groups, sexes, and excision sites, no strong conclusions regarding
affecting factors could be drawn except that individuals > 65 years present with lower IENFD. Additional research
and development of the method are warranted.
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Introduction

The use of skin biopsy with subsequent assess-
ment of the intraepidermal nerve fiber density
(IENFD) has been developed over the last three
decades.! The assessment can reveal loss of small A3
and unmyelinated C fibers in the epidermal skin
layer. An early study used IENFD to demonstrate
small fiber neuropathy (SFN), where no underlying
cause was known and nerve conduction was nor-
mal.2 Another study reported a high sensitivity
(88 %) in diagnosing SFN through IENFD.? Beyond
the area of SFN, studies have highlighted the utility
of evaluating IENFD at the distal leg in peripheral
neuropathies associated with conditions such as
diabetes mellitus,** systemic lupus erythematosus,®
alcohol dependency,” and hereditary transthyretin
amyloidosis polyneuropathy.® Guidelines on the use
of skin biopsy and IENFD for diagnosing peripheral
neuropathy were published in 2005, as requested by
the European Federation of Neurological Societies.®
The recommended methodology entails obtaining a
3mm punch skin biopsy at the distal leg,
immunostaining with the Protein Gene Product
(PGP) 9.5 antibody, and quantification of IENF in at
least three 50 um thick sections through either
bright-field or immunofluorescence microscopy.
PGP 9.5 is a ubiquitin hydrolase that is highly
expressed in neurons and serves as an effective
marker for the finest nerves, such as skin innerva-
tion, outperforming other markers such as neuron-
specific enolase and neurofilament!®!! Two large
multi-center studies have established reference val-
ues for IENFD in 50 um sections obtained from the
distal leg based on compiled data from healthy indi-
viduals, one for each microscopy method.**** Both
studies found similar age- and sex-related effects on
IENFD values, where IENFD declined with age and
women have slightly higher densities than men.

However, to our knowledge, handling 50 um
sections to perform immunohistochemical staining
is not a routine procedure in most clinical pathology
laboratories, thereby not applicable in clinical prac-
tice, and hence mostly used for research purposes
or in commercial laboratories. Modifications of the
method have been proposed where e.g. Koskinen et
al measured IENF per epidermal area instead of
length in 10 um sections.}* Thereto, Dabby et al.
studied the dermal, and not epidermal, autonomic
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nerve fibers in 5 um sections.™ A third modification
of the method was developed within the Depart-
ment of Pathology in Lund, Sweden, where IENFD is
assessed in the epidermal layer of 5 um sections.®%’
The method is possible to employ in an ordinary
diagnostic laboratory situation since it requires
only standard laboratory equipment and tech-
niques.'®!®% Through our previous studies, we have
learned that IENFDs in the distal leg are lower in
people with type 2 diabetes compared to healthy
controls, but also that a temporal decline can be
found in both populations.?’ At the wrist level, how-
ever, no impairmentin IENFDs could be found within
either type 1 or type 2 diabetes in comparison to
controls, despite signs of neuropathy in biopsies
from a nearby nerve, i.e. the posterior interosseous
nerve.'® Other findings of that study included signif-
icantly higher densities in women compared to men
as well as in hairy skin compared to glabrous skin.
We have also shown that the nerve fiber assessment
in 5 um sections has a high inter- and intra-rater
reliability.'®2° However, reference values are lacking
for our modified method, which is a crucial step
towards enabling clinical evaluation and distinction
between health and illness.

The overall aim of this study was to assess
IENFD in thin 5 um skin sections in a healthy popula-
tion with the attempt to establish normative data
for potential future diagnostic use. Additionally, we
aimed to explore any variations in IENFD across dif-
ferent ages, sexes, and excision sites, to enhance the
understanding of skin innervation throughout the
body.

Methods and Materials

Ethics statement

The study was approved by the Swedish Ethical
Review Authority as ethical permission no. 2020-
03597. The study was conducted in accordance with
the Declaration of Helsinki.

Study population and skin tissue sampling

Samples were manually selected and collected
from archival tissue material in the Clinical Depart-
ment of Pathology in Lund-Malmo6, Sweden,
between October 2020 and July 2023. All the
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archival tissue had been previously examined as the
primary sampling was based on clinical diagnostic is-
sues, such as nodules or pigmented lesions requiring
histopathologic examination, and stored according
to the Swedish Biobank Act. The pathology database
system was searched for tissue material comprising
excisions or diagnostic biopsies obtained in the arm
or leg of adult individuals aged 18 years or above in
considerable health. Each specimen’s distal ends,
around a central abnormality in the ovoid-shaped
excision, were checked for morphologically normal
appearance and could be included if accepted.
Causes for exclusion were inflammation, signs of
itching or scratching, hyperplastic epithelium, or
scarred tissue. Skin samples from both arm and
leg were further divided into two categories: the
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proximal or the distal part of the limb. The proximal
arm was defined as the region extending from the
level of the glenohumeral joint to just proximal to
the elbow, while the distal arm included the elbow
and reached down to the wrist. Correspondingly, the
proximal leg referred to the thigh (distal to the
inguinal ligament), whereas the distal leg included
the knee and continued down to the ankle (Fig. 1).
Samples were thus included if the site of excision (or
biopsy) was anatomically defined, and the presence
of healthy tissue could be confirmed in either the
whole or a part of the specimen. Correlating paraf-
fin-embedded tissue blocks were retrieved from the
archive to be re-sectioned and immunohistochemi-
cally stained.

M Proximal arm
M Distal arm

M Proximal leg
M Distal leg

Figure 1. Anatomical classification of skin tissue samples included in the study

Ventral (panel A) and dorsal view (panel B) of the four anatomical areas that comprised the excision sites: proximal arm (blue), distal arm

(green), proximal leg (purple), and distal leg (orange).
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The web-based medical record system Melior,
used in the health care system in Region Skane,
Sweden, was searched for information on prevalent
diseases and potential causes, or symptoms, of neu-
ropathy. Exclusion criteria were diabetes mellitus,
Lyme disease, Parkinson’s disease, uremia, multiple
sclerosis, amyloidosis, scleroderma, dysregulated
thyroid function, alcoholism, B12 deficiency, cyto-
static treatment, diagnosed neuropathy, or nerve
damage affecting the specific limb. Other causes for
exclusion from the study were insufficient amount
of tissue as well as suboptimal histochemical quality
of the sections.

Immunohistochemistry

All skin biopsies and excisions were uniformly
short-time fixed in a 4 % buffered formaldehyde
solution following the standard procedures of the
clinical diagnostic laboratory. After being in fixation
for at least 24 hours, the samples were dehydrated
and embedded in paraffin. Upon inclusion in the
study, the paraffin-embedded tissue blocks were
re-sectioned at 5um and mounted on glass for
immunohistochemical staining with, generally, two
serial sections on each glass. The sections were dried
at 602 C for one hour, de-waxed, rehydrated, and
microwave-pre-treated in 10 mM citrate buffer
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(pH 6.0) for 19 minutes at 750 W. The automated
immunostainer (TechMate 500 Plus; Dako) was
implemented forimmunohistochemical staining and
the rabbit polyclonal Protein Gene Product (PGP) 9.5
antibody (Cell Marque, Rocklin, USA) was used as
the primary antibody, in a 1:3000 dilution. All
samples were sequentially sectioned and stained
batch-wise, using the same procedure, in the labor-
atories of Lund and Malmo, Sweden.

Assessment of IENFD

Assessment of IENFD was performed manually
in Sectra IDS7, where the scanned tissue sections
could be viewed and examined microscopically. The
epidermal layer was digitally measured and intraep-
idermal nerve fibers (IENF) were identified. The
number of individual PGP 9.5-positive fibers was
counted according to our previously published crite-
ria, however with a new criterion for the minimal
length of fibers to be counted, i.e. the fiber was
counted if the length measured > 15 um (Fig. 2).16%°
Fibers that branched within the epidermal layer
were counted as a single fiber. The highest number
obtained from any of the serial sections was rec-
orded. To obtain IENFD, the number of nerve fibers
was related to the length of the epidermal layer of
each sample and expressed as fibers/mm.
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Figure 2. Assessment of IENFD in a 5 um section

Intraepidermal nerve fiber density assessment illustrated in a 5 um section stained with the PGP 9.5-antibody (overview to the left, close-
up of the box-indicated portion to the right). Each counted nerve fiber (> 15 um, see scale bar in the bottom right corner) is indicated by
an arrow. Epidermal length was measured with an in-program device, see the green line (left).
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Statistical analyses

The data on IENFD were not normally distrib-
uted and thus presented as a median with 25" and
75% percentiles. Data was stratified by age, with the
first group comprising individuals aged 18—-29 years,
followed by groups in 10-year intervals, and the final
group including participants aged 80 years and
older. The IENFDs were compared between age
groups, excision sites, and sex using the Kruskal-
Wallis test and Dunn’s post-hoc testing with
Bonferroni correction. An additional group compar-
ison was made between young (18-44 vyears),
middle-aged (45-65 years), and older adults (> 65
years). Quantile regression analyses were applied to
investigate the effect of age and sex on IENFD across
deciles (0.1-0.9) on each of the excision sites. The
model was adjusted with a quadratic term for age.
P-values < 0.05 were considered statistically signifi-
cant. Statistical analyses were performed using SPSS
Statistics version 27.

Results

A total of 602 samples were collected from 591
unique subjects, all considered healthy, ranging in
age from 18 to 97 years (median 55 years; 295
women and 296 men). Values of IENFD ranged
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between 0 and 8.6 fibers/mm in the entire cohort. A
complete absence of nerve fibers was noted in 34
samples. Median IENFD values at the four excision
sites (proximal arm, distal arm, proximal leg, and
distal leg as defined in Methods) are presented for
men and women as well as for each age group in
Table 1.

When comparing the four excision sites, overall
differences were found among the three lower age
groups for men (p <0.019), and within the groups
aged 18-29, 50-59, and >80 years for women
(p<0.013). Post-hoc testing showed generally
higher IENFD in the arm compared to the leg
(p < 0.032). Differences between proximal and distal
portions of the leg were only found for women aged
50-59 years (p = 0.024). Between the proximal and
distal arm, however, no significant differences were
observed.

Regarding age, statistically significant differ-
ences in IENFD were observed when testing across
all age groups at all four excision sites for both men
and women (p<0.031; Fig.3). Post-hoc testing
revealed that these differences were primarily be-
tween the eldest group (>80 years) and the four
younger groups (18-29, 30-39, 40-49, and 50-59
years), though the pattern was rather inconsistent.

Table 1. Intraepidermal nerve fiber densities (IENFD) in 5 um sections from upper and lower limb in healthy adults

Proximal arm Distal arm Proximal leg Distal leg

Age (y) n IENFD n IENFD n IENFD n IENFD
Men 18-29 11 2.75 (1.59-3.60) 11 1.62 (1.16-3.69) 11 1.39 (0.82-2.53) 11 0.73 (0.56-2.55)
30-39 10 2.12 (1.02-3.73) 13 1.58 (1.40-2.61) 10 1.56 (0.96-2.61) 12 0.85 (0.31-1.11)
40-49 10 2.40(1.24-3.27) 10 2.18 (1.06-3.04) 10 1.53 (0.87-3.01) 11 0.45 (0.20-1.06)
50-59 10 1.85 (0.96-2.35) 10 0.89 (0.53-2.33) 10 1.40 (1.04-3.08) 10 1.10 (0.60-1.55)
60-69 10 0.90 (0.55-2.20) 10 0.89 (0.50-1.26) 10 0.82 (0.58-2.26) 10 0.55 (0.23-0.86)
70-79 10 0.93 (0.48-1.76) 10 0.83 (0.53-1.49) 10 0.57 (0.22-1.30) 11 0.15 (0.00-0.82)
>80 14 1.03 (0.32-1.77) 11 0.39 (0.27-0.65) 12 0.48 (0.20-0.75) 14 0.00 (0.22-0.54)
Women 18-29 11 2.31(1.81-5.37) 10 2.21(1.34-3.08) 10 1.60 (1.27-2.09) 11 0.98 (0.63-1.32)
30-39 10 2.36 (1.81-5.21) 11 2.12 (1.13-2.56) 10 2.46 (2.01-3.76) 11 2.28 (0.61-2.97)
40-49 10 2.19 (1.53-5.27) 10 2.38 (1.79-4.19) 10 2.32 (1.82-3.60) 10 1.72 (1.15-3.08)
50-59 10 1.34 (0.82-2.70) 10 2.39 (1.52-2.94) 12 2.10 (1.57-2.81) 11 0.82 (0.42-1.11)
60-69 11 1.98 (0.89-3.09) 10 1.69 (0.63-2.17) 10 0.80 (0.21-1.98) 10 0.78 (0.18-1.15)
70-79 10 1.17 (0.37-2.14) 10 1.49 (0.73-2.24) 10 1.06 (0.63-1.61) 10 0.40 (0.08-1.50)
280 13 0.59 (0.33-1.70) 13 0.70 (0.43-1.32) 11 0.90 (0.28-2.07) 15 0.13 (0.00-0.48)

Data are presented as median (25th—75th percentiles) or numbers. IENFD: intraepidermal nerve fiber density (fibers/mm).
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Figure 3. Levels of IENFD at four anatomical skin excision sites stratified in age deciles

Intraepidermal nerve fiber densities (IENFD) in the proximal arm (A) and leg (B), as well as the distal arm (C) and leg (D), in healthy subjects
of different ages, stratified in deciles. Each dot demonstrates an individual data point. Bars indicate the median values for each group.

When the cohort was divided into three broader age
categories — young (18-44 years), middle-aged (45—
65 years), and older adults (> 65 years) — the differ-
ences became more pronounced (p < 0.005). Post-
hoc analyses indicated that IENFDs were lower at all
excision sites in both men and women aged > 65
compared to the young group (p < 0.015). The IEN-
FDs were also lower among the older adults in com-
parison to the middle-aged adults at the proximal
(p <0.029) and distal leg (p < 0.018), as well as at the
distal arm (p <0.045). Notably, no differences in
IENFD were found between the young and middle-
aged groups (Fig. 4).

Age and sex differences were further investi-
gated using quantile regression analysis, which indi-
cated an age impact for the first and second quan-
tiles at the proximal arm (decrease by 0.04 to 0.05
fibers/mm per year, p<0.021), as well as in the
ninth quantile at the proximal leg (increase of 0.25
fibers/mm per year, p =0.011). Impact of sex was
found within quantiles 3 to 6 for the distal arm and
guantiles 4 to 6 at the proximal leg, with higher pre-
dicted IENFD in women compared to men (0.47—
0.68 fibers/mm, p < 0.014).
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Figure 4. Levels of IENFD at four anatomical skin excision sites in young, middle-aged, and older adults

Intraepidermal nerve fiber densities (IENFD) in the proximal arm (A) and leg (B), as well as the distal arm (C) and leg (D), in healthy subjects
of different ages, stratified in three groups of young (18—44 years), middle-aged (45—65 years), and older adults (> 65 years). The median

values for each group are indicated by the lines.

Discussion

The primary objective of this present study was
to establish normative values for IENFD assessment
in thin 5 um sections, with the additional goal of in-
vestigating potential affecting factors in terms of
age, sex, and anatomical site of excision. Given our
previous findings regarding a temporal decline in
IENFD for both people with and without type 2 dia-
betes mellitus,?® we hypothesized an age-depend-
ency for IENFD where densities decrease with ad-
vancing age. This hypothesis was further supported
by the previous IENFD reference materials, although
assessed in thicker sections of 50 um.*?'* While we
did not identify a clear pattern when comparing

IENFD across age deciles, we found significantly
lower IENFD levels in individuals aged 65 years and
older, compared to the groups of young and middle-
aged adults. This could suggest that an age-related
nerve decline may not be linear but rather occurs
later in life. A non-linear pattern of age impact on
nerve conduction velocities has been demonstrated
in rat models where levels remained stable until the
last third of life, after which an impairment was
observed 2%. A comparable trend has also been sug-
gested in humans where nerve conduction velocities
and amplitudes appear to worsen with increasing
age.”? However, the quantile regression analysis per-
formed in our study did not identify any definitive
non-linear relationships between IENFD and age.
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Moreover, the quantile regression implied sex
differences corresponding to the ones found in prior
studies, 131623 byt again, not in a conclusive pat-
tern. Interestingly, all studies that found sex differ-
ences have consistently observed higher densities
among women, implicating e.g. hormonal status as
a potential explanatory factor. On the other hand,
one study reported no sex-related effects, while an-
other revealed that the initially noted higher IENFD
in women lost statistical significance when adjusting
for confounding variables, including height and
weight.?*?

In this study, IENFD was also compared
between the proximal and distal excision sites, as
well as between arm and leg, to explore potential
variations in nerve fiber distribution across the
body. This approach extends previous research on
thicker sections, which primarily have been focused
on the distal leg.?>**% Qur findings revealed higher
IENFDs in the arm compared to the leg. Higher IEN-
FDs were also found at the proximal portion of the
leg, as compared to the distal part, though this was
only statistically significant for women aged 50-59
years. This observation aligns with the concept of a
proximal-distal gradient, as described by McArthur
et al., who reported a 60 % higher density at the
thigh compared to the distal leg.?* Umapathi et al.
referred to this as the IENFD ratio and used it as a
measure of the length-dependent dying-back
phenomenon observed in axonal neuropathies.?2®
Although skin innervation in the arms has been
investigated priorly, we are not aware of any studies
that compare e.g. the density between the proximal
and distal arm. A study of pain and touch acuity
across different body sites showed better two-point
discrimination in the distal arm compared to the
shoulder region, but an opposite pattern was
observed regarding pain sensitivity to heat.?’ This
suggests that the mechanoreceptor density is higher
in the distal parts, whereas the thermal nociceptors
and thus epidermal C-fibers are more abundant in
the proximal parts. Hence, a similar pattern as in the
legs, i.e. a proximal-distal pattern, could be ex-
pected, but we did not find a significant difference
between the sites in our study.

A substantial proportion of the samples in-
cluded in our study exhibited markedly low densi-
ties, some even as low as zero fibers. The data
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generally demonstrated greater variability in IENFD
than anticipated, leading to inconclusive results.
A contributing factor may be the specimen’s ana-
tomical locations, which were roughly categorized
into either proximal or distal portions of the arm and
leg. It is reasonable to assume variability even within
each of these categories. For instance, a mildly trau-
matized lateral side of the calf probably differs from
the protected skin just medial to the tibia, and com-
paring an area near the wrist with one closer to the
elbow may potentially also reveal variations. Previ-
ous research has also highlighted distinctions
between hairy and glabrous skin at the wrist level.®
The hand and foot were deliberately excluded from
the study due to highly area-specific densities (e.g.
finger pulp compared to palm of hand) and thus the
anticipation of even greater variabilities. The inner-
vation of the hand and foot is unevenly distributed
in an intricate pattern across the palm and sole, as
demonstrated by Corniani and Saal.?® Although a
more nuanced categorization for our study would
have been ideal, sparse referral texts necessitated
adherence to broader areas. It may also be postu-
lated that the challenge lies in the selection of suffi-
ciently healthy material, as the samples were
sourced from specimens submitted for skin patho-
logical examination. Despite efforts to ensure
peripheral tissue health and a meticulous review of
medical records to exclude nerve-affecting disor-
ders, the possibility of inadvertently including indi-
viduals with undetected underlying illnesses cannot
be entirely ruled out. The proximity and potential
impact of pathology should also be considered, as
the skin sections used in the present study were all
harvested from tissue blocks comprising excisions of
skin lesions. The impact of skin lesions on fiber
density might be different depending on the type.
For example, in a study by Brocker et al., the number
of nerve fibers was shown to be higher within mela-
nocytic nevi compared to the surrounding tissue,
whereas no differences could be observed within
cutaneous melanoma metastases.?® Additionally,
nerve fiber counts were found to be influenced by
tumor properties, such as increasing tumor thick-
ness in cutaneous melanomas leading to decreasing
nerve counts.In our study, we focused on obtaining
samples from the macroscopically intact outer ends
of excisions, where the radicality of the excision
could be ensured. In cases where such end snippets
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were not available, IENFD assessment was only
performed if the skin section was sufficiently long to
provide a substantial distance from the skin lesion,
and the surrounding skin appeared normal and
healthy. These precautions were taken to minimize
the potential influence of the lesion on nerve fiber
density and ensure that the assessment was con-
ducted on skin resembling normal skin.

After analysis of a substantial number of
sections in this study, it became evident that nerve
fibers were being excluded under the preexisting
criteria of our method. Consequently, we explored
and implemented a modification: counting fibers
215 um in length to capture a higher number of
solid fibers, while still excluding debris. This modifi-
cation, differing from our previous studies, proved
to be more inclusive. Despite our efforts to adapt
the method for thinner sections, we still obtained
very low counts in some sections, posing potential
challenges in clinical applications where distinguish-
ing between healthy and pathological samples is
crucial. Traditional approaches, presenting the 5%
percentile as a cut-off threshold for normative
values, are deemed impractical for our methodology
as this percentile reaches an IENFD of zero
fibers/mm for some locations and age spans.122324
In this study, absolute cut-offs could not be
established.

A recently published article by Aspegren and
Pourhamidi has demonstrated promising results
using a new method, called estimated IENFD
(elENFD) assessment, in thin sections, produced
comparable numbers to the 50-micrometer
method.3° This approach utilizes the same thin sec-
tioning and immunohistochemical procedure as in
our study. However, the elENFD method involves
counting even smaller fragments than in our pro-
posed method, which may present additional chal-
lenges. Despite these challenges, as well as those
identified in our study, it is essential to develop a
method that is applicable within standard labora-
tory settings for diagnostic suitability, particularly in
Sweden. Therefore, further development of IENFD
assessment in thin sections is necessary. During the
work, we have also acknowledged some qualitative
differences within the samples, emphasizing a shift
towards exploring this aspect more comprehen-
sively in forthcoming studies. We are motivated to

Ekman et al
page 9 of 11

delve further into this area, as the assessment of
IENFD offers an objective investigation of nerve
fibers directly related to the region where symptoms
manifest.

Limitations

As previously mentioned, the variable anatom-
ical excision sites are this study’s most important
limitation. Standardized sampling on well-described
anatomical sites might have yielded a clearer result.
Incomplete access to participants’ full medical
records poses another limitation. The system Melior
encompasses data from all public specialist health
care in Region Skane, yet information about patients
residing elsewhere or receiving treatment solely
from general practitioners was not available.

Conclusion

This study provides IENFD values obtained in
thin 5 um sections from both the proximal and distal
parts of the arm and leg in a healthy adult popula-
tion, in a search for potentially normative IENFD
values. Differences in IENFD levels were observed
across excision sites and age groups, showing nota-
bly lower levels among the older groups. However,
the data exhibited a greater variability than ex-
pected, preventing the identification of clear influ-
encing factors or cut-off values. Further research
and continued method development are warranted.
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