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Abstract
Background: Enteric neuropathy is described in most patients with gastrointestinal 
dysmotility and may be found together with reduced intraepidermal nerve fiber den-
sity (IENFD). The aim of this pilot study was to assess whether three-dimensional 
(3d) imaging of skin biopsies could be used to examine various tissue components in 
patients with gastrointestinal dysmotility.
Material and methods: Four dysmotility patients of different etiology and two healthy 
volunteers were included. From each subject, two 3-mm punch skin biopsies were 
stained with antibodies against protein gene product 9.5 or evaluated as a whole with 
two X-ray phase-contrast computed tomography (CT) setups, a laboratory µCT setup 
and a dedicated synchrotron radiation nanoCT end-station.
Results: Two patients had reduced IENFD, and two normal IENFD, compared with 
controls. µCT and X-ray phase-contrast holographic nanotomography scanned whole 
tissue specimens, with optional high-resolution scans revealing delicate structures, 
without differentiation of various fibers and cells. Irregular architecture of dermal 
fibers was observed in the patient with Ehlers-Danlos syndrome and the patient with 
idiopathic dysmotility showed an abundance of mesenchymal ground substance.
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1  | INTRODUC TION

Conventional histology and immunohistochemistry of skin biopsies 
with quantification of the intraepidermal nerve fiber density (IENFD) 
are used for clinical diagnosis of a number of conditions,1,2 as well as 
in research for assessment of the autonomic nervous system and dia-
betic neuropathy.3-7 The association of neuropathy between different 
organs in an affected subject suggests that a punch biopsy of the skin 
may be an easily available way to study a general neuropathy.8 At the 
same time, as we show here, such biopsies can ideally be investigated 
with newly available phase-contrast µCT techniques, covering scalable 
volumes without slicing or staining. This so-called three-dimensional 
(3d) virtual histology based on X-ray propagation-based phase-con-
trast computed tomography (PC-CT) has the potential to extend classi-
cal histology by an additional dimension,9,10 and also to achieve higher 
resolution using synchrotron holographic nanotomography.11-13

Although neuropathy is the most common etiology in gastroin-
testinal dysmotility, other causes may be recognized.14 Ehlers-Danlos 
syndrome is characterized by joint hypermobility, skin hyperexten-
sibility, and tissue fragility.15 Recently, gastrointestinal dysmotility 
and peripheral neuropathy have been described as well.15 Abnormal 
wider collagen fibrils with irregular patterns have previously been 
described in the reticular dermis by transmission electron micros-
copy in some patients with Ehlers-Danlos syndrome.16-18 From a 3d 
analysis, the organization of collagen fibrils along with the neuropa-
thy might be further visualized. Only a few X-ray tomography studies 
have focused on the dermal tissue in normal human skin, with or 
without comparison with scarred tissue,19,20 and in the skin of vari-
ous animals.21,22

We herein present data of skin biopsies from four women with 
various clinical diagnoses related to gastrointestinal dysmotility and 

enteric neuropathy, as well as from two healthy control women. 
Two punch biopsies were obtained: One biopsy was examined by 
conventional immunohistochemistry and the other biopsy was pro-
cessed and evaluated as a whole with two X-ray PC-CT setups, a 
laboratory µCT setup and a dedicated synchrotron radiation nanoCT 
end-station,11,23,24 allowing appraisal of specific skin components. 
The aim of the present pilot study was to examine whether 3d anal-
ysis of unstained human skin biopsies could be used to study various 
tissue components in patients with gastrointestinal dysmotility, in-
dependently of etiology, and peripheral neuropathy.

2  | MATERIAL AND METHODS

2.1 | Subjects

Four female patients with gastrointestinal dysmotility and enteric 
neuropathy, one with chronic intestinal pseudo-obstruction (CIPO) 
and three with enteric dysmotility (ED),14 were included in the study. 
One of the women with ED was diagnosed with Ehlers-Danlos syn-
drome,25 one was diagnosed with idiopathic ED and one was diag-
nosed with type 1 diabetes since childhood. Data regarding clinical 
symptoms and IENFD from the patients with drug-induced CIPO and 
Ehlers-Danlos syndrome have recently been presented in a case re-
port.15 Two healthy women served as controls (Table 1).

2.2 | Skin biopsies and immunohistochemistry

Skin biopsies and histopathologic immunohistochemistry were 
performed according to clinical routines for the assessment of 

Conclusions: 3d phase-contrast tomographic imaging may be useful to illustrate traits 
of connective tissue dysfunction in various organs and to demonstrate whether disor-
ganized dermal fibers could explain organ dysfunction.

K E Y W O R D S

skin biopsy, synchrotron nanotomography, three-dimensional imaging, X-ray phase-contrast 
tomography

Age 
(years)

Symptoms of peripheral 
neuropathy Diagnosis

Intraepidermal nerve 
density (n/mm)

1 57 Control 5

2 31 Control 5

3 58 + ED/Ehlers-Danlos 0

4 54 Idiopathic ED 5

5 41 + ED/Type 1 diabetes 5

6 48 + Drug-induced CIPO 0.5

Abbreviation: CIPO, Chronic intestinal pseudo-obstruction; ED, enteric dysmotility.

TA B L E  1   Basic characteristics of 
the four women with gastrointestinal 
dysmotility and neuropathy of various 
causes, as well as two healthy women
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IENFD, that is, number of long nerve fibers/mm, as previously de-
fined.2,26 During local anesthesia, two different 3-mm punch biop-
sies were taken at about 1 cm distance from each other and about 
10 cm proximal to the lateral malleolus in the lower leg. Biopsies 
were fixed in 4% formaldehyde solution, dehydrated, and embed-
ded in paraffin. One of each pair of the specimens was divided 
into two halves, cut into 5-µm sections, and then stained with a 
polyclonal antibody against protein gene product 9.5 (PGP9.5).27 
Distinct from previous accounts, the antibody was purchased from 
a different brand (Cellmarque/318A-15; Sigma Aldrich©; dilution 
1:100). The other skin biopsy was further processed for X-ray 
imaging.

2.3 | X-ray tomography and image analysis

The paraffin-embedded skin biopsy samples for X-ray imaging were 
then further harvested with a 1-mm punch using a dissection micro-
scope. The specimens were imaged using phase-contrast tomogra-
phy, at different levels of resolution and field-of-views (FOV), based 
on laboratory µCT as well as synchrotron radiation. Synchrotron 
scans were recorded at the Göttingen Instrument for Nano-Imaging 
with X-Rays (GINIX) end-station, P10 beamline of the PETRA III 
storage ring at DESY. This end station is dedicated to coherent 
nano-diffraction with focused undulator radiation, and in particular 
high-resolution holographic imaging using KB-waveguide compound 
optics.23,24 As a full-field technique with variable geometric magni-
fication (M), it is ideally suited for tomography of extended samples 
such as biological tissue.11 Photon energy was set to E  =  7.5  keV 
or 8.0  keV (two different beamtimes), by a double crystal Si (111) 
monochromator. Two different geometries were used: for large 
FOV  ~  1.7  ×  1.4  mm2 (h  ×  v), the parallel (unfocused) undulator 
beam was used with opened slits, in combination with continuous 
tomographic rotation (Micos UPR 160-AIR; PI miCos). The image 
acquisition system (Optique Peter) was based on a 50-µm thick 
LuAG:Ce scintillator and a 10× magnifying microscope objective 
and a sCMOS sensor (pco.edge, PCO) resulting in an effective pixel 

size of 0.65 µm. Typical acquisition time was 35 ms per projection, 
taking about 1.5 minutes for a full scan with 1500 projections. For 
high-resolution acquisitions, a focused illumination system based on 
Kirkpatrick-Baez mirrors (KB) and an X-ray waveguide (WG) module 
was used with maximum FOV ~410 µm and voxel sizes in the range 
of 50-160  nm depending on the geometric magnification in cone-
beam propagation. For this acquisition, a fiber-optic coupled sCMOS 
sensor (Zyla HF 5.5; Andor) with 6.5 µm pixel size was used, with a 
15 µm thick Gadox scintillator. The detector was placed at distance 
of about 5  m behind the waveguide. The configuration for holo-
graphic imaging, including the home-built silicon waveguides, is pre-
viously described.23,24 The procedures for tomography (alignment, 
control, and analysis) have been detailed.11 Phase retrieval has been 
carried out using a collection of self-written scripts, the so-called 
holo-tomography toolbox.28 Finally, we have used a home-built labo-
ratory µCT instrument, in view of sample overviews and screening 
before the beamtimes, and also in view of future translation of the 
methods toward a clinical setting where synchrotron radiation is 
not available. The setup employed a liquid metal jet anode source 
(Excillum Sweden) and a high-resolution detector (XSight; Rigaku).11 
All geometric and experimental parameters as well as reconstruction 
algorithms parameters of the scans shown here are given in Table 2.

3  | RESULTS

Two of the patients showed decreased IENFD in the previous im-
munohistochemical analysis, whereas the other two patients had 
similar IENFD as the healthy controls (Table 1). Figure 1 illustrates 
the epidermis and various elements in the dermis, as emerging from 
the laboratory µCT setup. The different layers of the epidermis, in-
cluding stratum basale, stratum spinosum and granulosum, stratum 
lucidum and stratum corneum, were clearly visible. In the dermis, 
sebaceous glands, hair follicles, and blood vessels were observed 
within fibers of the connective tissue (Figure 1).

Overviews on the well-defined epidermis and dermis using 
GINIX in parallel-beam configuration are shown in Figure  2, with 

TA B L E  2   Experimental and reconstruction parameters used in the multiscale phase-contrast tomography approach

Scan configuration
Effective pixel 
size (µm)

Energy 
(keV)

Number of 
projections

Phase 
retrieval 
scheme

Phase retrieval 
parameter

Ring removal 
algorithm

Laboratory scan 0.92a  9.25 (Kα) 1 × 1000 (50 s) BAC α = 0.008, β = 0.16 Wavelet

GINIX parallel-beam 0.65 8.0 1 × 1500 (0.35 ms) Non-linear 
Tikhonovb 

δ/β = 35, lim1 = 5e-5, 
lim2 = 5e-1

Additive (2×, using 
different σGauss)

GINIX waveguide 
(drug-induced CIPO & 
Ehlers-Danlos)

0.176 7.5 4 × 1000 (0.5 s) Non-linear 
Tikhonovb 

δ/β = 50, lim1 = 1e-4, 
lim2 = 0

—

GINIX waveguide (Type 1 
Diabetes)

0.159 8.0 3 × 1500 (0.1 s) Non-linear 
Tikhonovb 

δ/β = 80, lim1 = 5e-3, 
lim2 = 0

Additive

Abbreviation: CIPO, chronic intestinal pseudo-obstruction.
aAfter voxel binning of 2 × 2 × 2. 
bNo support, no restriction on phase shift. 
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magnification of selected areas of one healthy control with normal 
IENFD (Figure 2A, A1, A2), one patient with Ehlers-Danlos syndrome 
with decreased IENFD (Figure 2B, B1, B2) and one patient with id-
iopathic enteric dysmotility and overweight with normal IENFD 
(Figure 2C, C1, C2). The third patient had normal IENFD (Figure 2D), 
whereas the last one had decreased number of IENFD (Figure 2E). 
In the dermis sample from the healthy control, the various fibers of 
the connective tissue were quite tightly packed and regular. The fi-
bers had almost about the same thickness showing a wave-like pat-
tern (Figure 2A1, A2). However, the collagen and elastic fibers, the 

various cellular elements and nerves could not be differentiated in 
the high-resolution pictures so far. The organization of the dermal fi-
bers differed in the patient with Ehlers-Danlos syndrome. The archi-
tecture of the dermis in the Ehlers-Danlos patient was irregular, both 
thinner and thicker fibers radiated in different directions with slightly 
increased ground substance between the fibers (Figure 2B1, B2). In 
the patient with dysmotility and overweight, the organization of the 
dermal fibers also differed to a certain degree compared with the 
control, that is, the fibers were thin and loosely arranged due to mod-
erately increased inter-fibrillar ground substance (Figure 2C1, C2).

F I G U R E  1   Laboratory µCT of the 
sample from the patient with type 1 
diabetes. A, Side view of the sample 
volume rendering in cross-section, 
revealing well-demarcated epidermis, a 
hair follicle (HF) with part of the hair and 
blood vessels and an adjacent sebaceous 
gland (SG). B and C, showing the skin 
from different depths of the sample. The 
dermis is predominated by tightly packed 
dermal fibers (collagenous and elastic) 
surrounding a HF and arteries (white 
arrows). Scale bar: 300 µm

(A) (C)

(B)

F I G U R E  2   Panel of the synchrotron 
data from parallel-beam configuration. 
Beneath the panel, zoom-ins of side-views 
(solid squares) and cross-sections (dotted 
lines) from figures are shown as indicated: 
(A) a healthy volunteer with normal 
intraepidermal nerve fiber density (IENFD) 
and thin dermal fibers, tightly packed with 
wave-like shape (A1 and A2); (B) Ehlers-
Danlos syndrome with enteric dysmotility 
and decreased IENFD and disorganization 
of dermal fibers with different orientation 
(arrows) and slightly increased inter-
fibrillar ground substance (B1 and B2); (C) 
idiopathic enteric dysmotility with normal 
IENFD and slightly increased inter-fibrillar 
ground substance (C1 and C2); (D) type 
1 diabetes with enteric dysmotility and 
normal IENFD; and (E) drug-induced 
chronic intestinal pseudo-obstruction 
with decreased IENFD. Scale bars: (A-E) 
300 µm and i and ii) 100 µm [Colour figure 
can be viewed at wileyonlinelibrary.com]

(A)

(A1)

(A2)

(B1)

(B2)

(C1)

(C2)

(B) (C) (D) (E)

www.wileyonlinelibrary.com
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Furthermore, when scanning the tissue specimens at a higher 
resolution in X-ray phase-contrast nanoCT using the wave-guided 
GINIX-configuration, the keratinocytes could be clearly visual-
ized (Figure 3). However, no other types of cells as melanocytes, 
Langerhans cells, and Merkel cells, which are regular epidermal 
components, could be differentiated. Regarding the organization 
of the dermal fibers, there was a clear difference between these 
patients (Figure  3). In the upper dermis, the dermal fibers were 
fine, parallel, and loosely arranged in the patient with drug-in-
duced CIPO and reduced IENFD (Figure  3A), parallel and quite 
coarse in the patient with type 1 diabetes and normal INEFD 
(Figure 3B), whereas the fibers were disorganized in the patient 
with Ehlers-Danlos syndrome and decreased IENFD (Figure 3C).

A filament-like structure, interpreted as a single nerve fiber, 
could be identified in the epidermis in the patient with type 1 diabe-
tes. The structure could be followed through repeated imaging sec-
tions (Figure 4B-K). A conventional immunohistochemistry-stained 
PGP9.5 image is shown for comparison (Figure 4A).

Structural details and the spatial behavior of the different com-
ponents of the skin (ie, hair follicles, muscularis arrector pili, various 
glands, and blood vessels) could also be studied at sufficient resolu-
tion, but individual cellular details were limited at the level of over-
view parallel-beam synchrotron data, which made it impossible to 
separate various cell types (Figure 5).

4  | DISCUSSION

The present observations showed that phase-contrast nano- and 
µCT can be used in the study of unstained skin biopsies from the 
lower extremity. We demonstrated the eligibility of the method 

to show that the architecture of the dermal fibers was irregular in 
some patients with dysmotility compared with the controls and 
other patients with dysmotility. Nevertheless, nanotomography has 
limitations at this stage, that is, the lack of differentiation between 
collagen and elastic fibers, recognition of dermal nerves, and vari-
ous cellular elements. Additional contrasting agents may be required 
to highlight various cells,20 which has recently been emphasized for 
3d reconstruction of myelinated nerve fibers in nerve biopsies from 
healthy and diseased (diabetes) subjects.29Our observation of lack 
of cell recognition is in accordance with the findings of Cnudde and 
co-workers.21 Furthermore, the structure of the skin varies in differ-
ent parts of the body, which requires extensive analysis from healthy 
individuals. With adequate questions, however, nano- and µCT can 
be well suited for the analysis of the connective tissue and its vol-
ume compared with the other dermal components. In this aspect, 
the study of connective tissue diseases or the diagnosis of atrophy 
can be relevant.

To date, the present established methods as immunohisto-
chemistry and electron microscopy appear cheaper, quicker, and 
more reliable in view of structural contrast and resolution, to iden-
tify cell types and collagen fibrils.15-17,30 However, considering the 
volume throughput when screening for sparse structures, X-ray 
PC-CT beats the established methods, with a volume throughput 
reached here of about 1mm3/minute at sub-micron voxel size. 
Combined with stitching, and robotic sample exchange, an un-
precedented number of biopsies could be rapidly screened and 
evaluated automatically, provided that the entire workflow includ-
ing structure interrogation was automatized. At the same time, 
specific volume stains could bring pivotal added benefit. Finally, 
recent developments in laboratory phase-contrast nanoCT may 
lead to a translation from synchrotron to innovative, yet relatively 

F I G U R E  3   Panel of the high-resolution synchrotron data from cone-beam configuration. Details of keratinocytes (white arrow) and 
upper dermis are shown. The keratinocytes are recognizable in contrast to the cells in the dermis. In the dermis, there is a difference in the 
tissue structures between the three patients: (A) drug-induced chronic intestinal pseudo-obstruction with decreased intraepidermal nerve 
fiber density (IENFD) and mostly loosely arranged dermal fibers; (B) type 1 diabetes with enteric dysmotility and normal IENFD with coarse 
dermal fibers organized in parallel; and (C) Ehlers-Danlos syndrome with enteric dysmotility and decreased IENFD with disorganized dermal 
fibers. Scale bar: 100 µm

(A) (B) (C)



     |  321ECKERMANN et al.

cheap and compact instrumentation, which could become accessi-
ble for clinical practice in the future.31

The Ehlers-Danlos syndromes are a heterogeneous group of 
heritable connective tissue disorders (HCTDs) characterized by 
joint hypermobility, skin hyperextensibility, and tissue fragility.25 
The pathophysiology behind the neuropathy in Ehlers-Danlos 
syndrome is unknown.15 One hypothesis is that lack of supportive 
tissue to the blood vessels may lead to hypoxia in the organs.27 
Another hypothesis could be the role of the telocytes, which are 
present in many organs including the skin, and form a “protec-
tive” sheet around nerve structures.30 Dysfunction of telocytes 
is assumed to play a major role for tissue homeostasis, such as 
tissue repair and inflammation, and is supposed to be involved 
in the pathophysiology of several diseases.32 The previously 
demonstrated finding of abnormal collagen fibrils in Ehlers-Danlos 

F I G U R E  4   A, Detail of human epidermis from healthy skin with 
small intraepidermal nerves (arrows) (protein gene product (PGP9.5) 
immunohistochemistry × 450). Scale bar: 20 µm. B-K, Stack of 
virtual slices from the high-resolution dataset (synchrotron data 
from cone-beam configuration) from one patient with a suspect 
epidermal nerve fiber. Scale bar: 100 µm [Colour figure can be 
viewed at wileyonlinelibrary.com]

(A)

(B) (C)

(D) (E)

(F) (G)

(H) (I)

(J) (K)

F I G U R E  5   Details of various skin components (synchrotron 
from parallel-beam configuration): (A) middle part of hair follicle 
(HF) with central hair, a group of sweat glands (short arrow), a 
blood vessel (long arrow) and part of musculus arrector pili (white 
arrow); (B) a well-organized group of sweat glands and (C) basal 
part of a HF, sebaceous gland (SG) and artery (long arrow) within 
the dermis. Scale bar: 100 µm [Colour figure can be viewed at 
wileyonlinelibrary.com]

(A)

(B) (C)

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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syndrome 16,17 could be supported by this technique with more 
irregular architecture of dermal fibers in our patient. The irregular 
dermal fibers are probably a part of the syndrome per se.25,33 The 
architecture of the dermis also differed in the patient with idio-
pathic dysmotility and overweight. One can hypothesize that the 
molecular components of the ground substance (ie, glycosamino-
glycans, glycoproteins, cell adhesion proteins, and water) could be 
influenced by overweight. Another hypothesis is that a defective 
connective tissue and less supportive tissue may lead to dysfunc-
tion of the bowel wall with impaired contractions and propulsion. 
There is a wide range of different abnormalities in collagen bio-
synthesis and/or structure with great overlaps between pheno-
types,25 and the role of the connective tissue in the development 
of gastrointestinal dysmotility deserves further research.33 On the 
contrary, we could not identify any dermal changes between pa-
tients with normal IENFD and decreased IENFD.

In conclusion of this pilot study, X-ray phase-contrast µCT and 
holographic nanoCT allow scanning of whole tissue specimens 
with optional high-resolution scans revealing delicate structures. 
Irregular architecture of dermal fibers is observed in a patient with 
Ehlers-Danlos syndrome and a patient with idiopathic dysmotility 
shows abundance of ground substance, compared with a healthy 
subject. The ability to separate various cell types and collagen fibrils 
is still inferior to the established methods of immunohistochemistry 
and electron microscopy. However, 3d analysis of cells in skin with 
corresponding volumetric analysis would be the next step as the 
technique is still under considerable development.
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