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Abstract: Small-fiber neuropathy (SFN) is defined by degeneration or dysfunction of peripheral 
sensory nerve endings. Central correlates have been identified on the level of gray matter vo
lume (GMV) and cortical thickness (CT) changes. However, across SFN etiologies knowledge 
about a common structural brain signature is still lacking. Therefore, we recruited 26 SFN pa
tients and 25 age- and sex-matched healthy controls to conduct voxel-based- and surface-based 
morphometry. Across all patients, we found reduced GMV in widespread frontal regions, left 
caudate, insula and superior parietal lobule. Surface-based morphometry analysis revealed re
duced CT in the right precentral gyrus of SFN patients. In a region-based approach, patients had 
reduced GMV in the left caudate. Since pathogenic gain-of-function variants in voltage-gated 
sodium channels (Nav) have been associated with SFN pathophysiology, we explored brain 
morphological patterns in a homogenous subsample of patients carrying rare heterozygous 
missense variants. Whole brain- and region-based approaches revealed GMV reductions in the 
bilateral caudate for Nav variant carriers. Further research is needed to analyze the specific role 
of Nav variants for structural brain alterations. Together, we conclude that SFN patients have 
specific GMV and CT alterations, potentially forming potential new central biomarkers for this 
condition. Our results might help to better understand underlying or compensatory mechanisms 
of chronic pain perception in the future.  
Perspective: This study reveals structural brain changes in small-fiber neuropathy (SFN) patients, 
particularly in frontal regions, caudate, insula, and parietal lobule. Notably, individuals with SFN and 
specific Nav variants exhibit bilateral caudate abnormalities. These findings may serve as potential 
central biomarkers for SFN and provide insights into chronic pain perception mechanisms.  
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S mall-fiber neuropathy (SFN) is a complex neuro
logical disorder that primarily affects small un
myelinated nerve fibers in the peripheral nervous 

system. SFN is clinically characterized by neuropathic 
pain and autonomic symptoms (eg, pupil abnormalities, 
impotence, dry eyes or mouth early satiety and gastric 
fullness, abnormal sweating, hot flushes, and/or cardiac 
palpitations, skin decolouration).1,2 An epidemiological 
investigation conducted on SFN has taken place in the 
Netherlands. This study revealed a consistent minimum 
annual incidence rate of 12 cases per 100,000 residents, 
accompanied by enduring and persistent symptoms.3 

SFN patients report a significantly reduced quality of 
life, pointing toward unmet needs in the diagnostic and 
therapeutic workup and lack of knowledge. Altogether, 
the diagnosis does not only cause a major burden for 
patients, but also for the health care and socioeconomic 
system. What is known is that both dysfunction and 
degeneration of thinly myelinated Aδ-fibers and un
myelinated C-fibers can cause SFN symptoms.2 There
fore, the assessment of intraepidermal nerve fiber 
density (IENFD) and quantitative sensory testing (QST) is 
crucial to confirm the diagnosis.1,4-6 

SFN has traditionally been considered as a disorder of 
the peripheral nervous system.7,8 Only few magnetic re
sonance imaging (MRI) studies have analyzed potential 
SFN effects on the brain.9-11 Upon skin nerve degenera
tion, a core feature of SFN,9,10 white matter connectivity, 
functional connectivity, and gray matter volume (GMV) 
were reduced in pain-related brain regions. Specifically, 
reduced GMV and cortical thickness (CT) have been re
ported in patients with diabetic (painful and painless) 
peripheral neuropathy. Here, regional GMV loss was 
identified, for example, in thalamus, caudate nucleus, 
cingulate cortex, insula, and precentral regions, while CT 
was reduced in frontal regions.12-14 To date, it remains 
unclear whether corresponding effects are reproducible in 
a non-diabetic SFN patient population. 

Gain-of-function variants in genes encoding the vol
tage-gated sodium channel (Nav) subunits Nav1.7, 
Nav1.8, and Nav1.9 (SCN9A, SCN10A, and SCN11A re
spectively) have recently been discovered in SFN pa
tients.15-17 In SFN, gain-of-function Nav variants are 
associated with several phenotypes with presence or 
absence of autonomic symptoms and different pain 
distributions2 meaning not all SFN patients suffer from 
pain but may have sensory symptoms such as numbness 
or coldness.18 These Nav channels are predominantly 
expressed in peripheral neurons and have been asso
ciated with several pain disorders.19,16,17,20,21-23 Altera
tions that enhance the function of SCN9A result in 
profound neuropathic pain, while loss-of-function mu
tations lead to insensitivity toward pain.19 Research in
dicates that there exists an underlying cause for SFN, 
wherein the presence of mutated gain-of-function so
dium channels in axons of small peripheral nerves could 
potentially lead to the degeneration of these fibers.16 

Also, studies on peripheral neuropathy showed that 
gain-of-function mutations may enhance the channel’s 
response to depolarization and causing a hyperexcit
ability in dorsal root ganglion neurons. This suggest 

gain-of-function mutations contribute to peripheral 
neuropathy.17 However, less is known about central 
pain markers in SFN patients carrying Nav gene variants. 
Here, we set out to investigate voxel-based- and sur
face-based morphometry (VBM/SBM) in SFN patients 
and healthy subjects, adjusting for age, sex, and total 
intracranial volume (TIV). 

We included patients with idiopathic SFN (meaning 
that no specific etiology has been identified yet) and 
hypothesized that SFN can be characterized by a 
common brain morphologic signature that has the po
tential to be a clinical SFN marker. 

Additionally, we conducted explorative VBM- and 
SBM analyses on a patient subsample with hetero
zygous missense variants in SCN9A, SCN10A, and 
SCN11A. Here, we asked whether genetic alterations in 
ion channel subtypes correlate with structural changes 
of the brain. Based on previous literature, we expected 
reduced GMV24-27 and CT28,29 in brain regions involved 
in pain processing across SFN patients. To examine the 
clinical relevance of morphological alterations, we cor
related neural findings with clinical parameters. 

Methods 

Participants 
The study sample comprised 51 subjects in total, 26 

SFN patients and 25 healthy controls (HC), who were all 
examined at the University Hospital Aachen, Rheinisch- 
Westfälische Technische Hochschule (RWTH) Aachen 
University, Germany, after obtaining written informed 
consent. The study has been approved by the local in
stitutional review board (EK215-19) and conformed 
with the Declaration of Helsinki. 

All patients were examined by the same, trained physi
cians. The SFN diagnosis was based on a typical patient 
history with neuropathic pain and additional sensory and/ 
or autonomic symptoms as well as on clinical signs of small- 
fiber impairment (pinprick and thermal sensory loss and/or 
allodynia and/or hyperalgesia), with distributions consistent 
of peripheral neuropathy (length or non-length depen
dent). Additionally, at least one of the following criteria 
had to apply for study inclusion: evidence of small fiber 
dysfunction by quantitative sensory testing (Deutscher 
Forschungsverbund Neuropathischer Schmerz, DFNS pro
tocol),30-32 or evidence of small-fiber degeneration on his
tological examination, namely reduction of IENFD on a skin 
punch biopsy obtained at distal legs).1 All patients under
went detailed neurological assessments,30 by which the 
presence or absence of spontaneous pain (eg, thermal hy
peralgesia and mechanical allodynia), and paresthesias or 
dysesthesias were recorded by a neurologist based on 
symptom descriptions. Patients also received nerve con
duction studies to exclude large-fiber neuropathy. To 
eliminate the concern of possible central nervous system 
involvement of concomitant systematic diseases, patients 
with any clinical evidence of brain or spinal cord disorders 
were excluded.9,10 Additionally, we excluded patients with 
neuropathies caused by diabetes mellitus, alcoholism, 
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vitamin B12 deficiency, or chemotherapy. Moreover, we 
collected further information about symptom onset (illness 
duration) and applied the painDETECT questionnaire33,34 

and the Numerical Rating Scale (NRS) for pain35-37 to 
characterize patients’ subjective pain experience. We only 
included patients with idiopathic SFN. Idiopathic SFN” 
means that despite extensive diagnostic research, no un
derlying cause was found. Following a standardized pro
tocol, we analyzed peripheral blood cell counts, glycated 
hemoglobin (HbA1c), carbohydrate deficient transferrin, 
vitamin B12, folic acid, creatinine, thyroid stimulating hor
mone, anti-nuclear antibodies, anti-neutrophil cytoplasmic 
antibodies, anti-citrullinated protein antibodies, rheuma
toid factor, and creatine kinase. Additionally, to measuring 
the IENFD, histological assessments of skin biopsies in
cluded specific staining for inflammatory cell infiltrates and 
amyloid deposits. Participants were considered “idiopathic 
SFN patients” whenever all the above mentioned screening 
was inconclusive and SFN diagnosis confirmed. For all par
ticipants, demographics and clinical data can be found in  
Table 1. A binary sex definition (‘sex assigned at birth’) was 
used to categorize participants as male or female. Con
cerning the participants’ racial background, only white 
(Caucasian) people attended in the control group. In the 
patient cohort, one Black- and 25 Caucasian individuals 
were assessed. Additional information on the patients’ 
medication status is provided in the Supplementary 
Material (Table S1). 

Within the patient sample, 9 subjects carried a rare 
heterozygous sodium channel missense variant, identified 

by whole exome sequencing. In short, DNA isolated from 
peripheral blood samples was sequenced on a NextSeq500 
Sequencer with 2 × 75 cycles on a high-output flow cell 
(Illumina, San Diego, CA) using a probe-based capture 
method to enrich the target regions (Integrated DNA 
Technologies, Coraville, IA, or Nextera Rapid Capture 
Exome [version 1.2]; Illumina). Alignment to the reference 
genome (hg38) and variant calling were performed using 
an in-house pipeline based on SeqMule (http://seqmule. 
openbioinformatics.org/en/latest). Variant analysis and 
prioritization were performed using Kggseq software 
(http://pmglab.top/kggseq/). Out of the 9 identified sub
jects, 4 patients had a rare variant in the SCN11A gene 
(encoding Nav1.9), 3 patients carried a rare variant in the 
SCN10A gene (Nav1.8), and 3 patients had a rare SCN9A 
variant (Nav1.7). Of note, one subject carried a rare var
iant both in SCN9A and SCN10A, respectively. All variants 
were formally classified as variants of uncertain sig
nificance (ACMG criteria).38 Further description on these 
genetic variants can be found in the supplement 
(Table S2). 

MRI Acquisition 
For imaging, we used a Siemens 3-Tesla MRI scanner 

(Prisma Magnetom). For each participant, we acquired 
anatomical brain scans by using a T1-weighted 3D sa
gittal magnetization-prepared rapid gradient echo se
quence using the following parameters: 176 slices, 
repetition time = 200 ms, echo time = 3.03 ms, slice 
thickness = 1 mm, in plane resolution of 1 ×1 mm2. 
Further we manually inspected the images for artefacts 
and image quality in general. 

Volume-Based Processing and Analysis 
We applied VBM to assess differences in gray matter 

volume between SFN patients and HC subjects. VBM 
comprises different processing steps: tissue segmenta
tion, spatial registration, adjustments for volume 
changes due to the registration, and convolution with a 
Gaussian Kernel (spatial smoothing).39 We used SPM12 
(www.fil.ion.ucl.ac.uk), and the CAT12 toolbox (https:// 
neuro-jena.github.io/cat/) to conduct VBM analyses.40 

For the VBM analyses, we preprocessed structural 
images with default settings of the CAT12 toolbox in
corporating a correction for bias-field inhomogeneities, 
segmentation into gray matter, white matter, and cer
ebrospinal fluid. These 3 tissue components were ob
tained to calculate the overall tissue volume and TIV for 
each subject. This step was followed by spatial normal
ization to the DARTEL template in Montreal Neurolo
gical Institute (MNI) space. Finally, gray matter data 
were smoothed using an 8 mm full-width-half-max
imum isotropic kernel.41,42 After preprocessing, we used 
the CAT12 toolbox-function ‘check sample homo
geneity’ to identify scans with poor image quality. For 
none of the images we found abnormalities so that 
none of the subjects had to be excluded from the sta
tistical analyses. 

For all VBM analyses, we used the CAT12 toolbox. In 
the main VBM analysis, we first calculated a general 

Table 1. Participant Demographic and 
Clinical Data       

HEALTHY 

CONTROLS 

SFN PATIENTS P-VALUE  

N (m/f) 25 (12/13) 26 (11/15) .781 
Agea 41.04 (18.53) 45.31 (10.77) .320 
GMa (cm3) 690.64 (92.59) 667.88 (67.76) .320 
WMa (cm3) 537.04 (79.10) 537.00 (64.98) .998 
CSFa (cm3) 320.52 (80.72) 332.12 (62.04) .567 
TIVa (cm3) 1548.12 

(187.45) 
1537.19 
(160.95) 

.824 

Thicknessa (mm) 2.73 (.16) 2.71 (.10) .482 
Symptom duration 
(years)a 

– 7.84 (4.88) – 

IENFD – 4.01 (2.15) – 
CDTa b (test) .43 (.28) .57 (.23) .100 
CDTa b (control) .10 (.23) .49 (.32)  < .001 
WDTa b (test) .67 (.29) .83 (.25) .047 
WDTa b (control) .34 (.24) .46 (.27) .102 
CPTa b (test) 10.61 (10.36) 11.72 (8.23) .689 
CPTa b (control) 10.46 (9.37) 12.77 (7.89) .372 
HPTa b (test) 46.08 (2.53) 45.32 (3.47) .397 
HPTa b (control) 45.71 (3.31) 41.98 (6.18) .014 
painDETECT – 13.84 (8.02) – 
NRS – 3.33 (2.08) – 

Abbreviations: m, male; f, female; GM, gray matter; WM; white matter; CSF, 
cerebrospinal fluid; TIV, total intracranial volume; IENFD, intraepidermal nerve 
fiber density; CDT, cold detection threshold; WDT, warm detection threshold; 
CPT, cold-pain threshold; HPT, heat-pain threshold; NRS, Numeric Rating Scale 
NOTE. a Mean (Standard deviation), bLogarithmically transformed QST thresholds 
are shown for test- and control area, respectively. The values for the healthy 
subjects were taken from a sex-, age-, and region-matched reference sample.  
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linear model (GLM, t-contrast with 2 samples) to com
pare the GMV between SFN patients (n = 26) and the 
control group (n = 25). Age, sex, and TIV might be 
linked to (ie, not orthogonal to) the effects of interest39 

and were therefore included as covariates. The factor 
‘group’ was considered as effect of interest comprising 2 
levels, that is, HC subjects and SFN patients. For all 
whole brain VBM analyses, we set a cluster-defining 
threshold of P  <  .001 uncorrected. Due to the relatively 
small sample size and previous VBM studies that sug
gested GMV alterations may occur in chronic 
pain43,24,27,44 and in neuropathic pain conditions parti
cularly,26,45 we were prompted to conduct whole brain 
analyses with a liberal threshold. However, we decided 
to additionally report, which of these clusters would 
also survive an false discovery rate (FDR)-correction at 
the cluster level of P  <  .05. 

In addition to that, we calculated a region-based 
approach. Therein, for each subject regional mea
surements were automatically calculated by con
ducting the pipeline for voxel-based processing. 
Based on the Neuromorphometrics atlas (http:// 
www.neuromorphometrics.com/) available in the 
toolbox, volumetric measures (ie, GMV) were calcu
lated for each region in native space. 
Neuromorphometrics is an anatomical atlas based on 
multiple subjects. It was built using manual tracing 
on anatomical MRI from 30 healthy subjects. It is 
composed of 140 regions cortical and subcortical 
structures. We applied the same contrasts from the 
VBM analysis in order to identify GMV group differ
ences that may manifest in certain regions included 
in the atlas. By using the region-based approach, we 
aim to validate the clusters identified from voxel- 
based analyses. After conducting the region-based 
approach, results were corrected for multiple com
parisons by controlling the FDR,46 using a threshold 
of P  <  .001. 

Surface-Based Processing and Analysis 
Besides GMV analysis, we also conducted surface- 

based processing following the procedure described by 
Gaser and colleagues.39 Here, we used a fully auto
mated method implemented in CAT12 to estimate CT 
and the central surface of hemispheres based on the 
projection-based thickness method.47 Thereby, partial 
volume information, sulcal blurring, and sulcal asym
metries without explicit sulcus reconstruction were 
handled. Following this step, anatomically incorrect 
connections between sulci or gyri were repaired by 
using spherical harmonics.48 After this topological cor
rection, surface refinement was applied resulting in the 
final central, pial, and white matter surface meshes. 
Finally, with the FreeSurfer thickness metric, pial, and 
white matter surfaces were used to refine the initial CT 
estimate.49,50 Individual central surfaces were then re
gistered to the respective hemisphere from FreeSurfer 
FsAverage template. Doing so, central surfaces were 
spherically inflated with minimal distortions.51 We used 
the 2D-version of the DARTEL approach to create one- 

to-one mapping between the folding patterns of the 
individual and the template spheres. After surface 
creation and surface registration, the images were 
smoothed with a 15 mm full-width-half-maximum 
Gaussian kernel.39 

SBM was applied to investigate CT. Thereby, the 
measure of CT captures the width of the gray matter 
ribbon as the distance between its inner and outer 
boundary at thousands of points.39 We conducted the 
main SBM analysis to assess differences in CT between 
SFN patients and HC. Comparably to the VBM analysis, 
we again calculated a GLM (t-contrast with 2 samples). 
The factor group was considered as effect of interest, 
while age and sex were included as covariates. Since CT 
is not closely linked to brain volume,52 we did not in
clude TIV as a covariate. For all SBM analyses, we set a 
cluster-defining threshold of P  <  .001 uncorrected. We 
further performed a surface-focusing region-based ap
proach implemented in CAT12. Therein, a cortical sur
face parcellation53 was supplied on the FsAverage 
surface that can be mapped to the individual surfaces by 
using the spherical registration parameters. CT was then 
calculated for each region in native space.39 Results 
were corrected for multiple comparisons 
(FDR, P  <  .001). 

In VBM and SBM, respectively, we used different brain 
structure analysis pipelines (whole brain and region- 
based approaches) in order to test whether identified 
voxel clusters from whole brain analysis represent a 
robust finding that can be validated by region-based 
analysis. 

Exploratory Structural Analyses in 
Patients With Nav Variants 

We further conducted 3 explorative VBM- and region- 
based analyses (volume-focusing) as well as 3 SBM- and 
region-based analyses (surface-focusing), respectively. 
Thereby, we first compared SFN patients carrying rare 
Nav variants (n = 9) with HC. Afterward, we analyzed 
differences between controls and patients without ge
netic variants (n = 17). We also compared the 2 patient 
subgroups to assess potential CT and GMV differences 
between patients with- and without Nav variants. For 
each VBM/SBM analysis a cluster-defining threshold of 
P  <  .001 uncorrected was set. For each region-based 
analysis, we used an FDR-corrected threshold of 
P  <  .001. Notably, this subsample was very small. 
Therefore, these analyses must be treated as a pilot 
assessment. The results must be interpreted with cau
tion and replication by larger samples is needed. 

Exploratory Partial Correlation Analyses 
Finally, for all regions showing significant GMV dif

ferences between groups in the VBM whole brain ana
lysis, the respective values were extracted, and 
correlated with the following clinical parameters: 
IENFD, illness duration, painDETECT score,33,34 NRS 
score,35 cold detection threshold (CDT), warm detection 
threshold (WDT), cold-pain threshold (CPT), and heat- 
pain threshold (HPT) (Quantitative Sensory Testing, QST 
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thresholds were taken from the patient’s painful test 
area and control area, respectively).31,32 In some pa
tients, values of clinical parameters were not completely 
available resulting in varying sample sizes for correla
tion analyses: IENFD (n = 21), symptom duration (n = 25), 
NRS (n = 22), painDETECT (n = 25), CDT (test) (n = 23), 
CDT (control) (n = 23), WDT (test) (n = 23), WDT (control) 
(n = 23), CPT (test) (n = 23), CPT (control) (n = 23), HPT 
(test) (n = 23), HPT (control) (n = 23). In total, 12 clinical 
measures were correlated with GMV values from 4 brain 
regions, respectively, resulting in n = 48 tests. We fur
ther correlated GMV values of the 4 brain regions 
among each other (n = 12 tests) and we calculated 
correlations among the clinical parameters (n = 132 
tests). We used Pearson’s partial correlation analysis 
implemented in SPSS 27 controlling for age, sex, and TIV 
as covariates. The significance threshold was set at 
P  <  .05. Bonferroni correction was used to adjust for 
multiple testing across all the tests (N = 192). 

Sensory Profiles in SFN Patients 
A short form of the initial QST paradigm31,32 was 

conducted containing 4 (CDT, WDT, CPT, HPT) instead of 
typical 13 parameters. QST was performed including a 
short demonstration of each test at a practice area until 
subjects understood the test procedure. For the corre
lation analyses, we used z-transformed QST values for 
CDT, WDT, CPT, and HPT. Here, we calculated z-values 
for each of the logarithmically transformed (for CDT 
and WDT) or QST raw data (for CPT, HPT) using the 
following term: Z = (meanpatient—meancontrols)/ 
SDcontrols.31 To calculate the z-profile for each patient, 
we used reference data from 23 healthy control subjects 
who were matched for age, sex, and body region. We 
used unpaired t-tests to assess differences in CDT, WDT, 
CPT, and HPT between SFN patients and healthy re
ference subjects (threshold at P  <  .05). 

Automated Regional Behavioral Analyses 
We aimed to functionally characterize the significant 

clusters that we received from the main VBM analysis 
(cluster-defining threshold of P  <  .001 uncorrected). 
Therefore, we used the BrainMap database (http:// 
www.brainmap.org/)54 to link the clusters with func
tional properties. In the database, we focused on the 
meta-category ‘Behavioral domain’ comprising 5 pri
mary domains (Action, Cognition, Emotion, Interocep
tion, and Perception) with 51 behavioral sub- 
categories.55,56 Each significant cluster revealed by VBM 
analysis was considered to create volumes of interest 
(VOIs). During automated behavioral analyses, the share 
of coordinates within these VOIs was calculated and 
compared with the share expected if coordinates were 
not uniformly distributed.56 This procedure was per
formed for each behavioral sub-domain (for an over
view of the sub-categories see the paper 47 and 22) to 
test whether these fractions differ. Here, large differ
ences point to a behavioral association. Note that only 

behavioral sub-categories with positive z-scores of ≥3.0 
are considered significant. Multiple comparisons were 
addressed by using a binomial test (P  <  .05) with Bon
ferroni correction implemented in the Brain map 
software.56 

Data Availability 
The data from this study are available on request 

from the corresponding author. The data are not pub
licly available due to their containing information that 
could compromise the participant’s privacy. 

Results 

Sociodemographic and Clinical Variables 
Between HC and SFN patients, there were no sig

nificant differences for the following variables: sex, age, 
total amount of gray- and white matter, respectively, 
cerebrospinal fluid, TIV, and total amount of cortical 
thickness. Concerning thermal thresholds from QST, 
patient’s sensory profile and comparison with HC can be 
found in Section 3.5.1. Patients’ data on IENFD can be 
found in the Supplementary Material (Table S3). 

VBM Analyses 
For the main VBM analysis, we accessed GMV differ

ences between HC and SFN patients. Thereby, we 
identified several brain regions that showed significant 
GMV reductions in SFN patients compared to HC. These 
regions included the bilateral superior frontal gyrus 
(SFG), middle frontal gyrus (MFG), left caudate nucleus 
(caudate), insula, right medial superior frontal gyrus 
(mSFG), superior parietal lobule (SPL), and inferior 
frontal gyrus (IFG). Four of these regions also survived 
an FDR-corrected threshold of P  <  .05 at the cluster 
level, namely left SFG (P = .015), right mSFG (P = .015), 
right SPL (P = .010) and left caudate (P = .007). Volumes 
of these regions can be found in the supplement (Table 
S4). In the patient group, we found significantly larger 
GMV in the left precuneus and Raphe’s nuclei (Table 2,  
Fig 1). 

Region-Based Analyses (VBM) 
For the region-based approach, we applied the same 

contrasts from the VBM analysis in order to identify 
regions showing GMV differences between HC and SFN 
patients (FDR, P  <  .001). Here, the first region-based 
analysis revealed one significant region showing sig
nificantly larger GMV in the control group, that is, the 
left caudate (T = 3.633, P = .0004). The reversed contrast 
yielded no region showing significantly larger GMV in 
the patient group. 

SBM Analyses 
For the main SBM analysis, we compared CT between 

HC and SFN patients. Reduced CT for SFN patients 
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emerged in the right precentral gyrus (PreCG) (Table S5,  
Fig 2). There was no brain region with increased CT in 
patients. 

Region-Based Analyses (SBM) 
Besides to SBM whole brain analysis, we further 

conducted surface-based region-based analyses. Similar 
to the procedure for volume-based region-based ap
proach, we used the same contrasts from the SBM 
analyses to assess differences in CT between the groups 

(FDR, P  <  .001). We did not find significant group dif
ferences between HC and SFN patients. 

Exploratory Structural Analyses in 
Patients With Nav Variants 
Explorative VBM Analyses 

In the first out of 3 explorative VBM analyses, we 
compared HC (n = 25) with SFN patients carrying genetic 
Nav variants (n = 9). In Nav-patients, we identified sig
nificant GMV reductions in the bilateral caudate, left 
MFG, middle temporal gyrus (MTG), right superior oc
cipital gyrus (SOG), and thalamus. Additionally, the 
second contrast yielded larger GMV in the left MTG 
cluster for Nav-patients compared to controls (Table 3). 
Considering significant regions for FDR correction at the 
cluster level, only the left caudate (P = .018), revealed 
from the first contrast, survived the more conservative 
threshold of P  <  .05 FDR-corrected at cluster level. 

Next, we conducted the second explorative VBM 
analysis. Here, we compared HC (n = 25) and SFN pa
tients that did not carry rare genetic Nav variants 
(n = 17). Compared to HC subjects, we identified sig
nificant GMV reductions in left SFG, thalamus, right 
MTG, SPL, mSFG, and MFG for the patient group. 
Furthermore, we found larger GMV for the patients in 
the left precuneus and right SOG (Table 4). 

For the third explorative VBM analysis, we compared 
GMV between SFN patients with- and without genetic 
Nav variants. Here, the analysis did not reveal significant 
findings. 

Explorative region-based analyses (VBM). We 
performed the region-based approach to compare HC 
subjects and patients with Nav variants (FDR, P  <  .001). 
Thereby, we identified 2 regions in the left- (T = 3.836, 
P = .0003) and right caudate (T = 3.494, P = .001) with 

Table 2. VBM: Significant Clusters for the Main 
Effect of Group (HC vs all SFN Patients)        
REGION K PEAK MNI COORDINATES PEAK T-VALUE* 

X Y Z  

Healthy controls  >  SFN patients 
L SFG  747  -27  2  54  5.48 
R mSFG  719  15  48  45  5.16 
R SPL  932  28  -75  51  4.87 
L caudate  1144  -8  8  15  4.36 
R MFG  119  30  33  34  4.21 
L insula  44  -44  3  -6  3.76 
R mSFG  33  12  58  21  3.57 
R SFG  21  20  68  20  3.50 
L MFG  8  -34  48  16  3.42 
R IFG  4  54  20  2  3.34 
R MFG  5  33  58  2  3.33 
L insula  1  -42  14  -8  3.29 
SFN patients  >  Healthy controls 
L precuneus  181  -10  -42  58  4.22 
Raphe  1  0  -28  -15  3.28 

Abbreviations: R, right; L, left; SFG, superior frontal gyrus; mSFG, medial su
perior frontal gyrus; SPL, superior parietal lobule; caudate, caudate nucleus; 
MFG, middle frontal gyrus; IFG, inferior frontal gyrus; Raphe, raphes nuclei. 
NOTE. Extent threshold k = 0 voxels. 
*Height threshold T = 3.277 (P  <  .001, uncorrected).  

Figure 1. Differences in GMV between healthy controls and SFN patients. Displayed are brain regions showing reduced GMV (red) 
and increased GMV (green) in the patient group compared to HC. GMV was decreased for bilateral superior frontal gyrus (SFG), 
middle frontal gyrus (MFG), left caudate nucleus (caudate), insula, right medial superior frontal gyrus (mSFG), superior parietal 
lobule (SPL), and inferior frontal gyrus (IFG). The GMV for left precuneus and Raphe’s nuclei was increased. All brain maps were 
thresholded at P  <  .001 at the voxel level (uncorrected). 
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significantly larger GMV in the control group compared 
to patients with Nav variants. Neither the region-based 
analyses for the comparison between HC and patients 
without Nav variants nor for the comparison between 
patients with- and without variants yielded a significant 
finding. 

Explorative SBM Analyses 
Comparing HC and patients with Nav variants, we 

identified reduced CT for patients in the right PreCG 
and the right occipital pole (OP). Further, patients 
showed increased CT in left SPL, IPL, and right middle 
occipital sulcus and lunate sulcus (Table S6). Assessing 
CT differences between HC and patients without Nav 
variants, we found reduced CT for the patients in the 
right PreCG, while there was increased CT in medial 
occipital-temporal gyrus (Table S7). Finally, comparing 
SFN patients with and without Nav variants, we found 
that patients without genetic variants had increased CT 

in left medial occipital-temporal gyrus and right inferior 
parietal sulcus (Table S8). 

Explorative region-based analyses (SBM). Only 
region-based analyses for the comparison of HC and 
SFN patients with Nav variants revealed a significant 
finding. The analysis yielded significantly increased CT 
in middle occipital sulcus and lunate sulcus for the 
patients (T = 3.505, P = .001). No further region-based 
analysis revealed significant group differences. 

Correlation Analysis 
To test whether our imaging findings can be linked to 

clinical parameters in the patient sample, a partial cor
relation analysis was performed. To concentrate on the 
most robust findings for the correlation analyses, we 
selected the 4 significant regions from the main VBM 
analysis (HC vs SFN patients) that survived FDR cluster 
level correction. Hence, we extracted the respective 

Table 3. VBM: Significant Clusters for the Main 
Effect of Group (HC vs SFN Patients With Nav 
Variants)        
REGION K PEAK MNI COORDINATES PEAK T-VALUE* 

X Y Z  

Healthy controls  >  SFN patients with Nav variants 
L MFG  67  -26  3  58  4.45 
L caudate  833  -6  18  9  4.38 
R caudate  295  18  -8  16  3.98 
R SOG  17  21  -81  39  3.66 
L MFG  14  -32  54  18  3.63 
R thalamus  12  20  -24  2  3.47 
R caudate  1  20  -21  21  3.41 
L MTG  1  -50  -42  -12  3.40 
SFN patients with Nav variants  >  Healthy controls 
L MTG  144  -51  -26  -14  4.17 

Abbreviations: R, right; L, left; MFG, middle frontal gyrus; caudate, caudate 
nucleus; SOG, superior occipital gyrus; MTG, middle temporal gyrus. 
NOTE. Extent threshold k = 0 voxels. 
*Height threshold T = 3.396 (P  <  .001, uncorrected).  

Table 4. VBM: Significant Clusters for the Main 
Effect of Group (HC vs SFN Patients Without 
Nav Variants)        
REGION K PEAK MNI COORDINATES PEAK T-VALUE* 

X Y Z  

Healthy controls  >  SFN patients without Nav variants 
R MTG  339  56  -70  18  4.91 
R SPL  661  27  -74  52  4.87 
L SFG  499  -27  2  52  4.79 
R mSFG  390  14  48  45  4.68 
R MFG  49  30  33  34  3.87 
R SPL  8  18  -58  52  3.67 
R mSFG  56  12  57  20  3.63 
L thalamus  2  -15  -3  9  3.33 
SFN patients without Nav variants  >  Healthy controls 
L precuneus  122  -10  -42  58  4.27 
R SOG  41  16  -88  32  3.89 

Abbreviations: R, right; L, left; MTG, middle temporal gyrus; SPL, superior 
parietal lobule; SFG, superior frontal gyrus; mSFG, medial superior frontal 
gyrus; MFG, middle frontal gyrus; SOG, superior occipital gyrus. 
NOTE. Extent threshold k = 0 voxels. 
*Height threshold T = 3.325 (P  <  .001, uncorrected).  

Figure 2. Differences in cortical thickness (CT) between healthy controls and SFN patients. Brain regions showing reduced CT in 
the patient group compared to HC are shown in red. CT was decreased for the right precentral gyrus (PreCG). 
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GMV values from the Neuromorphometrics atlas for the 
following 4 regions: left caudate, SFG, right mSFG, and 
SPL. Thereafter, the GMV-value of each region was 
correlated with eight z-transformed QST subscales (CDT, 
WDT, CPT, and HPT for both test- and control area), 
IENFD, illness duration, painDETECT score, and NRS 
score. Pearson’s partial correlation analysis was con
ducted, controlling for age, sex, and TIV as covariates. 
Notably, since none of the SBM results survived FDR 
correction, correlation analysis was conducted for the 
VBM findings only. 

None of the correlations survived Bonferroni correc
tion for multiple testing. However, some significant 
results were found for the uncorrected correlations. 
Therefore, the uncorrected results has been added to 
the supplement (Table S9). Since GMV reduction in the 
caudate nucleus was found in both whole brain ap
proach and region-based approach this result can be 
seen as the main finding of the study. Therefore, we 
reported the significant uncorrected correlations for the 
caudate only. For the left caudate, we observed sig
nificant inverse correlations with CPT (test) (r = −.465, 
P = .039), CPT (control) (r = −.483, P = .031), HPT (control) 
(r = −.497, P = .026), and a significant inverse correlation 
with IENFD (r = −.468, P = .050). 

Sensory Profiles in Patients with SFN 
We calculated t-tests to analyze differences in CDT, 

WDT, CPT, and HPT between SFN patients and controls. 
Compared with age-, sex-, and area-matched healthy 
subjects, SFN patients showed a significant cold hy
poesthesia (CDT control) (P  <  .001), warm hypoesthesia 
(WDT test) (P = .047), and heat hyperalgesia (HPT con
trol) (P = .014). Z-score sensory profiles are depicted in  
Fig 3. 

Behavioral Associations with 
Regional VOIs 

We defined 12 regional VOIs based on significant 
clusters (cluster-defining threshold of P  <  .001 un
corrected) from the main VBM analysis and performed 
automated behavioral analysis to determine functional 
profiles for the regions with GMV reductions in patients 
with SFN. For left SFG, analyses revealed significant as
sociations with the behavioral domain Cognition. That 
is, with sub-categories Reasoning (z = 3.728) and 
Working Memory (z = 3.137). Further, left caudate was 
significantly associated with the behavioral domain 
Emotion, that is, with the subcategory Reward/Gain 
(z = 5.966). 

For the remaining ten regions, we did not find any 
significant associations with behavioral domains. 
However, from our perspective it is worth mentioning 
that 7 VOIs in the frontal lobe and insula were slightly 
associated with the Inhibition subcategory from the 
Action domain (z  >  1.3, see Table S10 in supplement). A 
complete list comprising each region and the respective 
peak z-values is presented in the supplement 
(Table S10). 

Discussion 
SFN is a disorder that affects not only peripheral 

nerves, but also brain structure. We found several GMV 
and CT changes in SFN patients. Most prominently, we 
identified a volume reduction in the left caudate that 
was evident for both voxel-based and region-based 
approaches. Automated behavioral analyses revealed 
an association between caudate and the behavioral 
category Reward, pointing to deficits in reward-pro
cessing. We observed reduced GMV in bilateral caudate 
for patients with rare genetic Nav variants but not for 
patients without such variants. It is an interesting 
finding that decreased bilateral GMV in the caudate can 
be found in patients carrying rare Nav missense variants. 
This would be consistent with the concept that persis
tently increased peripheral nociceptive input may lead 
to a possibly initially functional and then secondarily 
morphological decline in brain performance that is 
more pronounced in Nav variant carriers. Apart from 
the observed changes in the caudate, we identified 
GMV reductions in frontal areas, left insula, and right 
parietal lobule. Further, we used SBM to assess CT dif
ferences between patients and controls. We found re
duced CT in right PReCG for the patients. Our findings 
point to GMV and CT reductions in SFN that may reflect 
a characteristic feature of the disorder. 

We identified reduced GMV in the left caudate for 
SFN patients. GMV reductions in patients were assessed 
based on the voxel-based approach using a rather lib
eral cluster-defining threshold of P  <  .001 uncorrected. 

Figure 3. Quantitative sensory profiles. SFN patients had in
creased thermal detection thresholds indicating a loss of 
function for cold detection threshold (CDT) and warm detec
tion threshold (WDT). Heat-hyperalgesia was found for the 
heat-pain threshold (HPT). Test region was mainly the foot, 
control region mainly hands. Asterisks denote levels of sig
nificance: *P  <  .05, ***P  <  .001. 
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GMV reduction in the left caudate also survived a de
signated correction method for multiple testing 
(P  <  .001, FDR) in the region-based approach. The cau
date was the only region that we could identify with 
both approaches, whole brain- and region-based ana
lysis pointing to the most robust finding. Thus, this 
converging evidence for the left caudate in region- and 
voxel-based analyses represent the key finding of GMV 
reduction in patients with SFN. Decreased caudate GMV 
has been reported for several pain conditions.57-60 Be
havioral analysis revealed a significant association be
tween left caudate and the behavioral domain Emotion, 
suggesting a role for the caudate in reward processing. 
Reward and pain processing interact in overlapping 
brain systems and these systems may change with 
chronic pain.61 A previous study reported impaired re
ward responsiveness in chronic pain patients accom
panied by reduced GMV within the reward system.62 Liu 
and colleagues63 concluded chronic pain may reduce 
reward-seeking ‘wanting-behaviors’. Reduced caudate 
GMV may reflect impaired reward processing and mo
tivational deficits in chronic pain. Since activation of 
reward-related brain circuits have been discussed to 
reflect relief from the affective component of chronic 
pain,64 GMV reduction in left caudate may hold po
tential for a biomarker that may be a target for new 
therapeutics. This patient cohort has been in-depth 
phenotyped and known causes of neuropathy excluded. 
That means on the one hand, that findings might be 
relatively specific, but on the other hand, further studies 
are needed to extrapolate our conclusions to the 
broader (acquired) SFN cohort. 

In explorative VBM analyses, we found reduced GMV 
in bilateral caudate for patients carrying genetic mis
sense variants, but not for patients without variants. 
This finding was supported by region-based analysis 
revealing reduced GMV in bilateral caudate for Nav- 
carriers compared to HC. We did not find similar effects 
in patients lacking such variants. This finding suggests 
that GMV reduction might be especially pronounced in 
SCN9A, SCN10A, and SCN11A genes. A previous fMRI 
study on erythromelalgia has shown that pathogenic 
variants in SCN9A were associated with activation of 
pain areas suggesting gain-of-function variants of per
ipheral ion channels might impact brain activity.65 Gain- 
of-function variants in Nav channels produce hyper
excitability in dorsal root ganglion neurons15 and in
ferior parietal sulcus-cell derived sensory neurons from 
patients.66-68 It might be possible that enhanced firing 
of these neurons causing frequent nociceptive input 
negatively affect brain structures involved in pain sup
pression, for example, caudate.69-71 These results need 
to be interpreted with caution since explorative VBM 
analyses were based on only 9 patients with Nav var
iants. We are aware that this subsample is very small. 
Therefore, these analyzes must be treated as a pilot 
study. The results must be interpreted with caution and 
replicated by larger samples. Disease causing variants 
have to be discriminated from disease-contributing 
variants and variants of uncertain significance.72,73 Stu
dies postulated that the frequency of specific variants is 

low in SFN and that these variants may be considered as 
risk factors, contributing to rather than causing dis
ease.2 The specific pathogenic significance of these 
variants remain uncertain and needs to be determined. 

We found an inverse caudate GMV correlation with 
CPT and HPT, respectively. Smaller caudate volume was 
associated with lower temperature changes from neu
tral baseline needed to be perceived as painful, which is 
consistent with heat-hyperalgesia in the patient group, 
with sensory profiles reflecting C- and Aδ-fiber over
activity. Previous findings pointed to decreased caudate 
activation after painful thermal stimulation in patients 
with neuropathic pain.74 Frequent nociceptive proces
sing might lead to lower activations in the caudate as
sociated with pain suppression.69-71 We assume that 
decreased reactivity following nociceptive input might 
reflect insufficient pain suppression. We assume that 
decreased caudate volume might accompany decreased 
functional reactivity. Caudate volume correlated with 
IENFD, an indicator of small fiber degeneration.75 Given 
that there were no correlations between IENFD and QST 
parameters, our findings suggest that peripheral de
generation and central sensory processing may be not 
necessarily linked to each other.30 There are normative 
values for IENFD matched by area and sex. In this work, 
we used reference values from Lauria et al.5 IENFD is a 
marker of peripheral nerve degeneration. Reduced 
IENFDs are therefore a typical sign of SFN, which is, 
however, unspecific to its etiology. Notably, none of the 
correlations survived Bonferroni correction for multiple 
testing. We reported the uncorrected results for cau
date correlations only because GMV reduction in the 
caudate is the main finding of the study. Note that 
these correlations need to be interpreted with caution. 
However, the findings may potentially provide a basis 
for new hypotheses in future studies. 

In patients, we identified reduced GMV in regions, for 
which volume reductions have already been reported in 
previous studies on chronic pain.24-27 Reduced GMV 
might reflect an insufficient capacity in frontal pain 
modulatory network areas such as (m)SFG, MFG and 
IFG.76 Volume reduction in frontal regions may point to 
deficient ‘keeping pain out of mind’-functioning in 
chronic pain.77. Our finding is in line with previous re
search pointing to pain modulatory alterations in 
chronic pain patients. 

We found decreased insula volume in patients. The 
insula is crucial for pain perception and chronification.78 

VBM studies provide evidence for decreased insula vo
lume in several pain conditions.58,60 We assume that 
reduced insula GMV does not reflect the cause of SFN, 
but rather a consequence of chronic nociceptive pro
cessing.79 Ongoing pain, accompanied by behavioral 
impairment in form of reduced physical, social, and 
emotional performance,80-82 may be reflected by re
duced GMV. 

We identified decreased CT for SFN patients in right 
PreCG. CT reduction was found in patients with- and 
without Nav variants pointing to robust deficits across pa
tients. PreCG is relevant for integrating sensorimotor pro
cesses, for example, movement control.83 Furthermore, 
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PreCG comprises primary motor cortex that is involved in 
pain modulation.84 Reduced PreCG CT has been found in 
previous studies on chronic29 and neuropathic pain28 set
ting our result in line with previous research. 

Limitations 
The caudate nucleus was the only brain region iden

tified by whole brain and region-based analysis in
dicating a robust finding. Therefore, remaining 
structural findings that have been identified by only 
one approach must be treated more cautiously. 
Restricted sample size and accompanied reduced sta
tistical power is a concern, nevertheless the main ana
lyses comprise more than 20 subjects in each group. 
With respect to partial correlation analyses it must be 
noted that several tests have been performed and none 
of the correlations survived corrections for multiple 
testing. Analyses on patients with rare Nav variants 
suffer from low statistical power because the subsample 
comprised 9 patients only. These variants are not proven 
pathogenic but ‘only’ variants of uncertain significance. 
Exploratory analyses need to be validated in larger 
samples before resilient conclusions are drawn from 
these preliminary results. Further, there is no gold 
standard for the diagnosis of SFN, meaning that criteria 
can never meet a sensitivity and specifity of 100%. In 
this cohort, however, we applied the established diag
nostic algorithm1 assessing a detailed plan and overall 
symptom history, excluding large fiber neuropathy by 
nerve conduction studies of both sensory and motor 
distal nerves, and then applied a detailed QST program 
plus skin biopsies in order to solidify the diagnosis. With 
this approach, we are as sure as can be that these pa
tients all have SFN without exhibiting large fiber poly
neuropathy at the time of examination. To make our 
data comparable to the published literature and re
ference data, we sticked to the DFNS QST protocol. It is 
a limitation of our study that we have used mainly static 
rather than dynamic evoked-pain measures to assess the 
performance of the somatosensory system of our SFN 
patients. Depressive mood or frequent use of pain 
medication and antidepressants must be considered as 
potential sources for alterations in brain tissue.85 We 
excluded patients reporting depressive symptoms and 
calculated analyses again. For VBM, SBM, and region- 
based approach we identified the same regions as in the 
former analyses. We do not assume that medication 
intake accounts for structural changes observed be
tween SFN patients and HC. 

Conclusions 
The present study shows GMV and CT changes in SFN 

patients. Most prominent is the volume reduction in SFN 
patients observed in left caudate, which was evident in 
voxel-based and region-based analyses and survived 
FDR correction. Behavioral analyses revealed that this 
region was associated with the behavioral category 

Reward suggesting GMV reductions may point to defi
cits in reward processing. The amount of this reduction 
was negatively correlated with patient’s CPT and HPT, 
which may be related to their diminished ability to 
suppress pain. Additional studies are needed to prove 
this hypothesis. Likewise, the potential effect of genetic 
variants in Nav channels on GMV reductions has to be 
further validated. We also found some evidence that 
GMV reduction in caudate nucleus might be related to 
variants in genes associated with Nav channel func
tioning. These last 2 statements must be treated with 
care and await validation in future studies. Additionally, 
GMV reductions in SFN patients were observed in cor
tical regions like bilateral frontal cortex, right parietal 
lobule, and left insula. The latter findings are inter
preted as a consequence of chronicized nociceptive 
processing. We assume GMV and CT alterations may 
provide a framework for future clinical research aiming 
to identify potential biological marker for SFN. 
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