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Abstract: Small fiber pathology with concomitant chronic neuropathic pain is a common
complication of sarcoidosis. The gold standard of diagnosis of small fiber neuropathy (SFN) is
the quantification of small nerve fibers in skin biopsies in combination with patient history and
psychophysical tests; a new technique is the quantification of small nerve fibers in the cornea
using cornea confocal microscopy (CCM). Here, we studied small fiber morphology in sarcoid-
osis patients with neuropathic pain using skin biopsies, CCM, and quantitative sensory testing
(QST). Our aim was to construct specific phenotypes of neuropathic pain in sarcoidosis. Fifty-
eight patients with a confirmed diagnosis of sarcoidosis and with moderate-to-severe neuropathic
pain were tested. Decreased intraepidermal nerve fiber density (IENFD) from skin biopsies was
found in 28% of patients, and CCM abnormalities were observed in 45% of patients. There was
no correlation between CCM and IENFD abnormalities. Eighty-three percent of patients had
abnormal thermal detection thresholds, a sign of small fiber dysfunction. Based on the presence
or absence of abnormalities in IENFD and CCM, four distinct phenotypes were identified with a
distinct homogeneous pattern of somatosensory symptoms. We argue that these distinct pheno-
types have a similar mechanistic construct with specific phenotype-specific treatment options.
Additionally, our data suggest the presence of patients with length- and nonlength-dependent
SFN within this population of sarcoidosis patients.
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Plain language summary

Patients with chronic pain due to damaged small nerve fibers (neuropathic pain) are difficult to
diagnose and treat adequately. The gold standard is to count the number of small nerve fibers
in a piece of skin (biopsy), but the relatively novel technique of cornea confocal microscopy
(CCM) can also be used to count the number of small nerve fibers (in the eye). In this study,
we tested 58 sarcoidosis patients (an inflammatory disease) with neuropathic pain using skin
biopsies and CCM, as well as other tests of nerve fiber function. We found that 28% of patients
had an abnormal skin biopsy, indicating small nerve fiber damage, and 45% of patients showed
abnormal nerve fibers using the CCM technique. The majority of patients (83%) displayed abnor-
mal nerve fiber function tests. We identified four subgroups of patients, based on the presence
or absence of skin biopsy and CCM abnormalities. These findings suggest that the sarcoidosis
patient population with neuropathic pain is heterogeneous, and subgroups can be constructed
that likely require different treatment strategies.

Introduction
Small fiber neuropathy (SFN) is a complication of various disorders with metabolic
and/or inflammatory components such as diabetes mellitus and sarcoidosis. SFN is
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often associated with severe chronic, neuropathic pain, which
significantly impacts the quality of life. Treatment is generally
directed toward the pathogenesis of the underlying disease
and the management of pain. Diagnostic and psychophysical
tests for neuropathy such as skin biopsies, nerve conduction
studies, and quantitative sensory testing (QST) can be used
to construct patient-specific neuropathy phenotypes. As
we published earlier,! phenotyping may be applied for two
specific reasons: first, phenotyping serves as a tool to better
understand the disease process mechanistically and in terms of
severity and, second, it may be used in the choice of treatment
and consequently shorten the time until adequate pain relief.
Currently, treatment is based on a trial-and-error approach
with limited efficacy in a limited number of patients.?

SFN is prevalent in a large proportion of patients with
sarcoidosis. Sarcoidosis is a complex inflammatory disease
with pulmonary symptoms in a large proportion of patients.
Additionally, chronic pain with signs of SFN is present in
up to 70% of sarcoidosis patients.** Previously, diagnosis of
SEN has relied on the assessment of nerve fiber densities in
skin biopsies; however, the relatively new technique of cornea
confocal microscopy (CCM) is being used increasingly to
quantify nerve fibers in the cornea to detect small fiber pathol-
ogy.!%!! In the current study, we quantified the small fibers of
the skin and cornea in sarcoidosis patients with chronic pain
to determine whether specific phenotypes related to small
fiber pathology exist. Additionally, we performed QST!? to
further refine the specific phenotypes that we detected from
CCM and skin biopsies. We hypothesize that we would find
a large proportion of sarcoidosis patients with both signs of
small fiber pathology in skin biopsies and cornea nerve mor-
phology. The observation of small fiber abnormalities on both
locations has previously been observed in diabetes patients.'?

Methods

Ethics

The study protocols were approved by the local Ethics Com-
mittee (Leiden University Medical Center, Leiden, the Neth-
erlands). All study procedures were conducted according to
GCP guidelines and adhered to the tenets of the Declaration
of Helsinki. The patients gave verbal and written informed
consent before the start of the study. Data were selected from
two Phase II trials, which are registered in the Netherlands
Trial Register, identifiers NTR3575 and NTR4260.

Patient selection
Patients with a confirmed diagnosis of sarcoidosis were
approached for participation in the study. All patients suffered

from chronic sarcoidosis and were clinically in remission at
the time of the study. The following inclusion criteria applied:
1) age between 18 and 70 years; 2) body mass index (BMI)
<35 kg/m?; 3) a spontaneous pain level (“pain now” or “aver-
age daily pain”) of 25 on an 11-point numerical rating scale
(0=no pain and 10= worst pain imaginable); 4) pain defined
as distal pain/discomfort with one of the following: dysesthe-
sia, burning/painful feet worsening at night, and intolerance
of sheets or clothes touching the legs or feet; and 5) a score
of >22 on the SFN screening list (SFNSL) questionnaire. A
spontaneous pain level of <5 was acceptable with an SENSL
score of >37. The SFNSL is a validated questionnaire used
to detect the presence of SFN in the Dutch population.'
Patients were allowed to continue their medication for sar-
coidosis and/or neuropathic pain; the most common types
are listed in Table 1.

Skin biopsies

Skin biopsies were obtained from the distal leg (10 cm above
the lateral malleolus) by using a disposable punch biopsy
(3 mm) and processed following established guidelines.”® A
detailed description of the methods can be found in Dahan
et al.'® Sex- and age-dependent normative data of nerve
fiber density used for the distal leg were those of Lauria et
al.'” Here, we report the intraepidermal nerve fiber density
(IENFD). All measurements and counting were performed
by a single, blinded individual.

CCM

Cornea nerve fiber density (CNFD), cornea nerve fiber length
(CNFL), and cornea nerve branching density (CNBD) were
determined using the Rostock Cornea Module with the Hei-
delberg Retina Tomograph III (Heidelberg, Germany) (for a
full description of CCM methodology, refer Dahan et al.'s In
short, after topical anesthesia of the eyes, the microscope was

Table | Patients’ characteristics

Number of patients, n (male/female) 58 (31/27)
Age in years, mean (range) 50 (26-68)
Body mass index, kg/m?, mean (range) 25.8 (18.4-32.7)
Years since diagnosis, mean (range) 8.7 (1-37)
Patients on medication, n (%) 54 (93)
Prednisone 12 (21)
Methotrexate 12 (21)
Folic acid 9 (16)
Acetaminophen 19 (33)
NSAIDs 13 (22)
Tramadol 9 (16)
Pregabalin 11 (19)

Abbreviation: NSAIDs, nonsteroidal anti-inflammatory drugs.
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placed at the surface of the cornea apex. Confocal images
were acquired with a field of view of 400 pm %400 um and
automatically quantified using the ACCMetrics software. 82
Three to eight representative, high-quality images were
selected from a total of at least 50 images per eye, according
to the recommendations.!*?! CNFD, CNFL, and CNBD were
quantified by an investigator who was blinded for subject
demographics and disease state. Because a good correlation
has been demonstrated between semiautomated (CCMetrics)
and automated (ACCMetrics) corneal nerve fiber quantifica-
tions,'*?? data from the current study were compared with
semiautomatically quantified reference values of age- and
gender-matched healthy volunteers from Tavakoli et al.*

QST

Thermal detection and pain thresholds, mechanical detection
and pain thresholds, pressure pain and vibration detection
were evaluated on the following three district locations:
the face, hand, and foot. All measurements were performed
according to the protocol of the German research network
on neuropathic pain, and data were expressed accordingly
as transformed z-scores where values <—1.96 (loss of func-
tion) or >+1.96 (gain of function) are considered abnormal."?
Dynamic mechanical allodynia and paradoxical heat sensa-
tions were scored dichotomously as present or not present.
Pain scoring was adapted in the protocol from a 0—100 point
scale to a 0—10 point scale to simplify scoring and because
the Dutch population is used to 11-point scoring systems in
general (eg, in the clinic). Normative data were obtained from
Magerl et al.>* Patients were considered to have abnormal
sensations when at least one of the three anatomic locations
deviated from normal values.

Statistical analysis

Statistical analyses were performed using the SPSS statis-
tics Version 23 (IBM Corporation, Armonk, NY, USA) and
GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA,
USA). Comparisons between groups were evaluated with the
Kruskal-Wallis test (differences among phenotypes). Cor-
relations of skin biopsy and CCM parameters were analyzed

using linear regression. P-values <0.05 were considered
significant. Data are presented as average £95% confidence
interval (CI), unless otherwise indicated.

Results

Patients

A total of 58 patients with sarcoidosis (27 females, 47%)
were included in this study. Patients’ characteristics are
presented in Table 1. The mean age was 50 years (range
2668 years), the mean BMI was 26 kg/m?* (range 18-33 kg/
m?), and the mean sarcoidosis disease duration was 9 years
(range 1-37 years).

Skin biopsies

Due to difficulties with processing of a skin tissue sample,
the IENFD of one patient could not be determined. Aver-
age IENFD was 5.5 n/mm? (95% CI: 5.16-5.84 n/mm?).
The percentage of patients in which IENFD values were
<5th percentile of the normative data of Lauria et al'’” was
28. IENFD data are summarized in Table 2 and shown in
Figure 1A. IENFD data are shown relative to the lower 5th
percentile (averaged for men and women) of the 50-59-year
age category CI.

CCM

Since CCM data of the left and right eye were similar (data not
shown), these data were averaged per patient. Mean CNFD,
CNFL, and CNBD values are given in Table 2. Examples of
patients with abnormal and normal cornea morphologies and
a healthy male control are shown in Figure 2 for clarifica-
tion. CNFD, CNFL, and CNBD values were <5th percentile
of reference values in 9% (CNFD), 43% (CNFL), and 28%
(CNBD). Compared to normative reference values, at least
one abnormal parameter in cornea nerve morphology was
observed in 45% of sarcoidosis patients. Individual scores
of CCM parameters are illustrated in Figure 1B—D. Similar
to the IENFD scores, the dotted line represents the lower 5th
percentile of the 56—65 years age category CI (averaged for
men and women) of healthy controls.?

Table 2 Quantification of corneal nerve fibers by cornea confocal microscopy or skin biopsy in sarcoidosis patients

Nerve fiber parameter Average (95% CI) Range Significantly decreased, n (%)
IENFD (n/mm) 5.5 (5.16-5.84) 08-11.7 16 (28)

CNFD (n/mm?) 22.1 (21.3-22.9) 9.4-34.4 509

CNFL (mm/mm?) 13.6 (13.1-14.1) 6.8-21.3 25 (43)

CNBD (n/mm?) 32.5(29.8-35.2) 3.1-84.4 16 (28)

Abbreviations: CNFD, cornea nerve fiber density; CNBD, cornea nerve branching density; CNFL, cornea nerve fiber length; IENFD: intraepidermal nerve fiber density.
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Figure | Average (95% confidence interval) intraepidermal nerve fiber density (IENFD) (A), cornea nerve fiber density (CNFD) (B), cornea nerve branching density (CNBD)

(C), and cornea nerve fiber length (CNFL) (D) of sarcoidosis patients.

Note: The dotted line represents the 5th percentile below which values are considered abnormal for the age category (46—65) of the average age of the patients.

Figure 2 Confocal microscopy images of corneal nerve fibers of sarcoidosis patients with neuropathic pain and a healthy control.
Notes: (A) 52-year-old male sarcoidosis patient with abnormal corneal nerve fibers. (B) 53-Year-old male sarcoidosis patient with normal corneal nerve fiber state. (C)
53-year-old healthy male volunteer with normal nerve fiber state. All images were acquired with a field of view of 400 pm x400 ym.

QST

The QST results are summarized in Figure 3 (except PHS and
ALL since these were scored dichotomously) and Table 3.
Cold detection threshold (CDT) and warm detection threshold
(WDT) were significantly reduced values in at least one body
location in 76% and 72% of patients, with 84% of patients
displaying abnormal thresholds in at least one of these two
tests. Two other parameters that were significantly reduced

in more than half of the patients were mechanical detection
threshold (MDT) in 55% of patients and vibration detection
threshold (VDT) in 71% of patients. Thus, 71% of patients
had signs of large fiber damage (ie, loss of function of VDT).

Patient phenotypes
We defined four subgroups of patients, based on the presence
or absence of pathological IENFD and/or abnormalities in
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Figure 3 Quantitative sensory test results on three locations of sarcoidosis patients.

Note: Gray dotted lines represent the 95% confidence interval of the normalized Z-scores.

Abbreviations: CDT, cold detection threshold; CPT, cold pain threshold; HPT, heat pain threshold; MDT, mechanical detection threshold; MPS, mechanical pain sensitivity;
MPT, mechanical pain threshold; PPT, pressure pain threshold; VDT, vibration detection threshold; TSL, thermal sensory limen; WDT, warm detection threshold; WUR,
wind-up ratio.
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CCM parameters. The four subgroups consisted of a group
with decreased IENFD, with and without abnormalities in
CCM parameters, and a group with normal IENFD, with and
without abnormalities in CCM parameters (Figure 4). The
distribution across the phenotypes was as follows: phenotype
A, 12% (n=7) decreased IENFD and abnormalities in CCM
parameters; phenotype B, 16% (n=9) decreased IENFD and
normal CCM parameters; phenotype C, 33% (n=19) normal

Table 3 Average quantitative sensory testing scores and number
and percentage of patients with dysesthesias, compared to age-
and sex-matched reference values

Parameter Loss of Gain of
function, n (%) function, n (%)
Cold detection threshold 44 (76) -
Warm detection threshold 42 (72) -
Thermal sensory limen 11 (19) 2(3)
Paradoxical heat sensations 22 (38) -
Cold pain threshold 2(3) 4(7)
Heat pain threshold 9 (16) 7(12)
Mechanical detection threshold 32 (55) -
Mechanical pain threshold 15 (26) 5(9)
Mechanical pain sensitivity 4(7) 3 (5
Vibration detection threshold 41 (71) -
Pressure pain threshold 3(5) 30 (52)
Temporal summation (wind-up)  — 12 (21)
Dynamic mechanical allodynia - 14 (24)

Notes: The prevalence of paradoxical heat sensations and dynamic mechanical
allodynia was recorded in a dichotomous fashion (present or not present).
Measurements were taken from three locations: on the cheekbone (face) and the
dorsal surface of hand and foot. Reference values based on Magerl et al.?*

Small fiber morphology abnormalities, n=35

IENFD
CNFD
CNBD
CNFL
cDT
wWDT
TSL
PHS
CPT
HPT
MDT
MPT
MPS
ALL
WUR
VDT
PPT

Decreased IENFD
only, n=9

Decreased
IENFD and CCM
n=7

Figure 4 Neuropathic pain phenotypes of sarcoidosis patients.

Decreased CCM only, n=19

IENFD and abnormalities in CCM parameters; phenotype
D, 40% (n=23) normal IENFD and normal CCM parameters
(Figure 4).

Subgroup analysis revealed no differences among phe-
notypes in age (P=0.90), BMI (P=0.82), sarcoidosis disease
duration (P=0.24), average daily pain score (P=0.14), or QST
parameter values.

Discussion

To characterize sarcoidosis patients with neuropathic pain,
we performed skin biopsies, CCM, and standardized sensory
testing. We defined four distinct phenotypes based on abnor-
malities in IENFD and CCM with overlap (or agreement)
in the presence (phenotype A) or absence (phenotype D) of
changes in both CCM and IENFD in 12 and 40% of patients,
respectively. Additionally, the principal sign of small fiber
dysfunction, reduced thermal detection thresholds during
sensory testing, was present in 84% of patients. The primary
conclusion of our study is that small fiber pathology is pres-
ent in the majority of our sarcoidosis patients, albeit that
different diagnostic tests yield different quantitative results.

Small fibers: CCM versus IENFD

Absence of agreement between IEFND and CCM indices has
been reported before in diabetes patients,” although other
studies did find a clear correlation between these two mea-
sures in sarcoidosis and diabetes.!*?® A regression analysis

No small fiber morphology abnormalities, n=23

Cornea
fibers

Skin fibers

QST

Normal IENFD and CCM, n=23

Notes: Four phenotypes were constructed based on the presence or absence of small fiber neuropathy measured by CCM or skin biopsies. Red: small fiber morphology
abnormalities by CCM and skin biopsy, phenotype A. Orange: small fiber morphology abnormalities by skin biopsy only, phenotype B. Blue: small fiber morphology
abnormalities by CCM only, phenotype C. Green: no small fiber morphology abnormalities, phenotype D. ALL, dynamic mechanical allodynia.

Abbreviations: CCM, cornea confocal microscopy; CDT, cold detection threshold; CNBD, corneal nerve branching density; CNFD, corneal nerve fiber density; CNFL,
corneal nerve fiber length; CPT, cold pain threshold; HPT, heat pain threshold; IENFD, intraepidermal nerve fiber density; MDT, mechanical detection threshold; MPS,
mechanical pain sensitivity; MPT, mechanical pain threshold; PHS, paradoxical heat sensations; PPT, pressure pain threshold; QST, quantitative sensory testing; TSL, thermal
sensory limen; VDT, vibration detection threshold; WUR, wind-up ratio; WDT, warm detection threshold.
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of CCM versus IENFD data in our population showed a
lack of correlation between the two measures (Figure 5).
Our results suggest that SFN based on IENFD occurred in
just 16 patients (28%). However, it may well be that small
fiber pathology remained undetected in the skin biopsies
obtained from the distal leg. Possibly many of our patients
suffer from nonlength-dependent SFN or a mix of length-
and nonlength-dependent distal axonopathies.?’ For example,
patients with abnormalities in CCM but not in skin biopsies
or patients without any abnormalities in CCM and normal
IENFD may suffer from a nonlength-dependent form of
small fiber pathology. Alternatively, it may well be that the
abnormalities observed in CCM may precede abnormalities
in skin biopsies as has been suggested for diabetes mellitus
or that large fibers are involved at other anatomic locations.
To attain detailed phenotypic information of patients, small
fibers should be quantified using noninvasive CCM measures
as well as skin biopsies.

QST

We used QST to complement the phenotyping based on skin
biopsies and CCM. Where skin biopsies and CCM allow
quantification of small nerve fibers, QST provides qualitative
assessment of small and large nerve fibers. QST revealed that
both small and large fibers were affected in our population
(Table 3), indicating that neuropathic pain in sarcoidosis may
often be a form of polyneuropathy rather than an exclusive
small fiber problem. Large fiber problems may, for example,
be the cause of pain in patients with phenotype D. In addition,
QST abnormalities were detected in some patients on mul-
tiple tested anatomic locations, ie, on the cheekbone (face)
and the dorsal surface of hand and/or foot, again indicating
a nonlength-dependent, more widespread distribution of
sensory disturbances.
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Phenotyping:a comparison with the

literature

We previously showed that another chronic pain state with a
much more complex and less-well understood pathophysi-
ological mechanism, fibromyalgia, can be described accord-
ing to the four phenotypes that we present here.' Also, other
studies have stratified chronic pain patients according to QST
and pain questionnaire outcomes and identified homogeneous
patient groups comparable to ours. For example, in a rather
heterogeneous population of neuropathic pain patients (cen-
tral post stroke pain, posttraumatic peripheral pain, painful
HIV neuropathy, and painful diabetic peripheral neuropathy),
four clusters with distinct pain phenotypes were detected
based on QST (cold-evoked pain and touch-evoked pain) and
questionnaires (provoked, deep, and pinpoint pain). Despite
the different determinants for subgroup identification, the
results are in agreement with our findings that homogeneous
patterns of symptoms and pathology could be identified
irrespective of the underlying disease.' Similarly, in a large
survey of 2,100 patients with diabetic painful neuropathy or
postherpetic neuralgia, patient-reported outcomes from the
PainDETECT questionnaire were used to identify homoge-
neous subgroups of patients.?® Five subgroups were identi-
fied with notable differences in quality of pain based on the
description of pain (burning and prickling), the occurrence
of attacks, pain responses to thermal or pressure stimuli, and
the presence of allodynia and numbness. Although the distri-
bution of subgroups differed between postherpetic neuralgia
and diabetic polyneuropathy, all subgroups showed relevant
numbers of patients. Altogether, these results demonstrate
that defining somatosensory phenotypes can identify sub-
groups of patients with homogeneous signs and symptoms
across different disease states. Since the presence of these
sensory symptoms is likely related to specific pain-generating
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Figure 5 Correlations between CCM parameters CNFD (A), CNFL (B), CNBD (C), and IENFD assessed in skin biopsies from patients with sarcoidosis and neuropathic pain.
Note: Linear regression coefficients and associated P-values are shown in the bottom of each panel.
Abbreviations: CCM, cornea confocal microscopy; CNBD, cornea nerve branching density; CNFL, cornea nerve fiber length; IENFD, intraepidermal nerve fiber density.
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pathophysiological mechanisms, these subgroups probably
will show differential responses to analgesic treatment.

In the current study, we do not report treatment efficacy
in the identified patient phenotypes. We may however specu-
late that patients with evident small nerve fiber pathology
would benefit especially from treatment aimed at restora-
tion of small fiber damage and stabilization of the central
nervous system inflammatory response to peripheral nerve
damage, irrespective of their underlying disease. One such
treatment is ARA290, an erythropoietin analog acting at
the innate repair receptor, which restores peripheral nerve
defects, inhibits spinal cord inflammation, and reduces
neuropathic symptoms. Indeed, we showed previously that
ARA290 is effective in sarcoidosis and diabetes patients
with neuropathic pain.'¢

Study limitations

There are some limitations to our study. 1) We included
patients with a pain score of >5 and typical symptoms
of neuropathic pain. Consequently, our phenotypes are
limited to individuals with these more advanced disease
characteristics. Including a more diverse group of patients
in terms of disease progression might have offered a better
understanding of the development of nerve fiber dysfunction
and morphological changes. Nevertheless, we feel that this
clinically more severe patient cohort represents an important
target of stratification for therapeutic optimization. 2) Since
the pain symptoms of our patients were severe, their pain
medication was maintained. This might have affected some
of'the QST results, especially the pain thresholds. 3) Where
other studies make a distinction between affected and unaf-
fected areas, we applied all stimuli on predefined locations
on the body. Consequently, for some patients, the test loca-
tion was an affected area, but for others, it was not. 4) QST
is a semisubjective test tool. Hence, a lack of correlation
between laboratory and clinical findings possible due to
the influence of psychological factors, verbal suggestion,
or response bias could have occurred.” 5) Finally, in future
research, testing could be extended with microneurography
or nerve conduction studies to assess nerve fiber functional-
ity in a more objective manner. Although this will be more
time-consuming, it will allow more complete phenotypes
and possibly a better correlation between clinical symptoms
and laboratory findings. We argue for multimodal assess-
ment of patients, including at least skin biopsies, CCM,
and QST measures, to construct detailed somatosensory
phenotypes.

Conclusion

We identified four somatosensory phenotypes in sarcoidosis
patients based on IENFD and CCM parameters. The four
identified phenotypes suggest that our group of sarcoidosis
patients constitute a population with nonlength-dependent
or a mixed form of length- and nonlength-dependent SFN.
Additionally, we cannot exclude that in some patients without
abnormalities in small fibers, large fiber neuropathy played
an important mechanistic role in their chronic pain state.
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