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Abstract
Ehlers–Danlos syndrome (EDS) is the name for a heterogenous group of rare genetic connective tissue disorders with an 
overall incidence of 1 in 5000. The histological characteristics of EDS have been previously described in detail in the late 
1970s and early 1980s. Since that time, the classification of EDS has undergone significant changes, yet the description of 
the histological features of collagen morphology in different EDS subtypes has endured the test of time. Nonlinear micros-
copy techniques can be utilized for non-invasive in vivo label-free imaging of the skin. Among these techniques, two-photon 
absorption fluorescence (TPF) microscopy can visualize endogenous fluorophores, such as elastin, while the morphology 
of collagen fibers can be assessed by second-harmonic generation (SHG) microscopy. In our present work, we performed 
TPF and SHG microscopy imaging on ex vivo skin samples of one patient with classical EDS and two patients with vascular 
EDS and two healthy controls. We detected irregular, loosely dispersed collagen fibers in a non-parallel arrangement in the 
dermis of the EDS patients, while as expected, there was no noticeable impairment in the elastin content. Based on further 
studies on a larger number of patients, in vivo nonlinear microscopic imaging could be utilized for the assessment of the 
skin status of EDS patients in the future.
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Introduction

Ehlers–Danlos syndrome (EDS) is the name for a hetero-
geneous group of rare genetic connective tissue disorders 
with an overall incidence of 1 in 5000 [2]. EDS was first 
recognized as a distinct entity in 1901 by Edvard Lauritz 
Ehlers, a Danish physician who published a description of 
a patient with hyperextensible skin, hypermobility of joints 
and a tendency for bruising. A further case was reported 

in 1908 by Henri-Alexandre Danlos, a French dermatolo-
gist. In 1949, Falls and Johnson deduced that EDS follows 
an autosomal dominant (AD) pattern of inheritance. The 
first molecular alteration, identifying lysyl hydroxylase defi-
ciency in the background of an autosomal recessive (AR) 
form of EDS was reported in 1972 [23]. Several EDS clas-
sifications have been proposed since the 1960s. The “Ber-
lin Nosology”, published in 1988 defined 11 EDS subtypes 
based on patterns of inheritance and clinical presentation 
[1]. Following the description of the genetic and molecular 
basis of several subtypes, a revised, simplified classification, 
the “Villefranche Nosology” was released in 1997 and has 
since been widely used for two decades. In this classifica-
tion, 6 EDS subtypes were distinguished and for each type 
minor and major criteria were defined. Since the publication 
of the “Villefranche Nosology”, with the development of 
next-generation sequencing (NGS) techniques various novel 
mutations were identified and new EDS subtypes have been 
introduced [2]. The current, updated international classifica-
tion of EDS was published recently, in 2017 [18]. The new 
nosology delineates 13 clinical subtypes and defines their 
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genetic basis and inheritance pattern together with defining 
major and minor criteria for each in line with the “Ville-
franche Nosology”.

Given that the new nosology is still based on the clinical 
presentation, it requires vast skills and experience from the 
clinician to properly carry out the assessment and it is sub-
jective in many elements. Indeed, the accurate determination 
of the diagnosis of the EDS subtype is of utmost importance, 
as it provides essential information for counseling; it helps 
to assess the inheritance pattern, prognosis and management 
options. The etiologic background of EDS is complex and 
heterogeneous. In the classic and vascular types of EDS, the 
genetic basis of the syndrome is a mutation in the COL5A1, 
COL5A2 or COL3A1 genes which results in defects in col-
lagen type V, I or III. In EDS subtypes due to collagenopa-
thies, objective approaches, such as electrophoretic analysis 
of collagen and diagnostic electron microscopy were not 
extensively adapted to standard clinical practice of EDS, 
since they are costly techniques: they require special exper-
tise and skin biopsies have to be collected from the patients 
[13, 20].

Nonlinear microscopy techniques can be utilized 
for non-invasive in vivo label-free imaging of the skin. 
Among these techniques, two-photon absorption fluores-
cence (TPF) microscopy can visualize endogenous fluo-
rophores, such as elastin, NADH, melanin and keratins, 
while the morphology of collagen fibers can be assessed by 
second-harmonic generation (SHG) microscopy [7]. Col-
lagen is the most abundant protein in the human body, it 
can be found in large quantities in the extracellular space. 
The collagen content of the dermis provides structural and 
mechanical stability to the skin [28]. So far, 29 different 
collagen isotypes have been identified and characterized. 
The main collagen types in the dermal connective tissue 
are type I and type III. These collagens display a triple-
helical conformation which consists of two identical chains 
(α1) and an additional chain (α2) that differs in its chemi-
cal composition. An important characteristic of collagen 
fibrils is their banded structure [27]. Collagen fibers are 
able to generate SHG signal due to their structural regular-
ity, thus SHG is very sensitive for the structural alterations 
and fragmentation of collagen [5, 12].

To date, various inherited connective tissue disorders, 
such as osteogenesis imperfecta and pseudoxanthoma 
elasticum have been assessed by nonlinear optics meth-
ods [8, 15, 22]. However, to the best of our knowledge, 
the morphological characteristics of EDS have not been 
studied previously by nonlinear microscopy. Thus, in our 
present work, we set out to perform TPF and SHG micros-
copy imaging on ex vivo skin samples of EDS-affected 
individuals.

Clinical cases

Three female patients with EDS (mean age: 45 ± 7 years) 
were involved in our present work. Correspondence to the 
major and minor criteria of their respective EDS subtypes 
of the 2017 International classification of EDS is shown in 
Table 1.

Patient 1

A 53-year-old female patient presented at our department 
with generalized joint hypermobility, skin hyperextensibil-
ity and fragility, subcutaneous hematomas, lipomas, piezo-
genic papules, scoliosis and blue sclera. The medical history 
revealed hypothyroidism, persistent hematuria and recur-
rent gingival bleeding since her childhood. Family history 
of a first-degree relatives included skin hyperextensibility, 
joint hypermobility with complications (luxation, subluxa-
tion, pain) and hernias. Next-generation DNA sequencing 
(NGS) of COL1A1, COL1A2, COL3A1, COL5A1, COL5A2, 
ADAMTS2, PLOD1, FLNA, ATP7A, CHST14, FKBP14 and 
SLC39A13 genes were performed (PentaCoreLab, Budapest, 
Hungary). CHST14 and PLOD1 genes were wild type, while 
COL1A1, COL1A2, COL3A1, COL5A2, ADAMTS2, FLNA, 
ATP7A, FKBP14 and SLC39A13 showed polymorphisms 
without phenotype relevance. The 98.4% of all 12 genes 
included in our NGS panel was covered with an average 
depth of 40.9 reads/nucleotides. Sequencing reads were 
aligned to the hg19/GRCh37. After annotations of variants 
differing from the reference sequence, 130 variants were 
identified. Of these, a heterozygous variant (c.G1588A, 
p.G530S) of the COL5A1 gene was identified in associa-
tion with the classical EDS (cEDS, OMIM 130000) phe-
notype observed in our case. Sanger sequencing confirmed 
the presence of this variant. The patient’s daughter carries 
heterozygous p.G530S mutation verified by Sanger sequenc-
ing which co-segregated with her similar cEDS phenotype.

Patient 2

A 42-year-old female patient with short stature, severe 
scoliosis, pes planus, blue sclera, facial dysmorphisms 
(typical facial features with diminished subcutaneous 
fat, small chin, thin nose and lips), small joint hypermo-
bility, acrogeria, thin, hyperextensible, fragile skin with 
highly visible subcutaneous vessels was referred to our 
department. Her medical history included arterial rup-
ture, hemopneumothorax, spontaneous sigmoid colon 
perforation. Since the clinical signs suggested the pheno-
type of vascular Ehlers–Danlos syndrome (vEDS, OMIM 
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130050), COL3A1 (OMIM: 120180) full-gene sequence 
analysis (Centogene AG, Rostock, Germany) was per-
formed. The sequencing detected a previously unreported 
heterozygous variant c.3124_3141dup (p.Ala1042_Gly-
1047dup). A duplication of 18 bp was found which is 
predicted to cause the duplication of 6 amino acid resi-
dues in the triple-helical region, including 2 glycine resi-
dues (Ala-Pro-Gly-Ala-Pro-Gly). Most of the previously 
described pathogenic variants of COL3A1 result in a 
single amino acid substitution for glycine in one of the 
Gly-X-Y repeats of the triple-helical region of type III 
procollagen, although one in-frame insertion that affects 
a Gly-X-Y repeat has also been identified [34]. Since the 
variant that we detected is predicted to alter a Gly-X-Y 
repeat, it is likely pathogenic. Based on the phenotype 
and the COL3A1 gene analysis, the diagnosis of vEDS 
was established for the patient, hence, she is considered 
the index case in her family.

Patient 3

A 40-year-old female, the sister of Patient 2 presented with 
thin, transparent and fragile skin, facial dysmorphisms simi-
lar to Patient 2, blue sclera, acrogeria, small joint hypermo-
bility, short stature, scoliosis, high-arched palate and pes 
planus. Her medical history included perinatal spontaneous 
esophageal perforation, intrapartum uterine rupture, and ure-
ter stricture with hydronephrosis. The patient also suffered 
from chronic plaque psoriasis. A family screening by Sanger 
sequencing of exon 43 of the COL3A1 disclosed a heterozy-
gous form of the same c.3124_3141dup (p.Ala1042_Gly-
1047dup) variant was detected as in Patient 2. The novel 
duplication mutation co-segregated with similar vEDS phe-
notype in three generations of the investigated large pedi-
gree of the patient, including her mother, her sister (Patient 
2), and her nephew (the son of Patient 2). Her mother and 
her nephew displayed characteristic clinical features, which 

Table 1  Fulfillment of the major and minor criteria of classical and vascular Ehlers–Danlos syndrome (EDS) in our clinical cases according to 
the 2017 International Classification of EDS

Classical EDS (cEDS) Patient 1 Vascular EDS (vEDS) Patient 2 Patient 3

Major criteria Major criteria
Skin hyperextensibility and atrophic scarring + 1. Family history of vEDS with documented causative 

variant in COL3A1
+ +

Generalized joint hypermobility + 2. Arterial rupture at a young age + –
Minor criteria 3. Spontaneous sigmoid colon perforation in the 

absence of known diverticular disease or other bowel 
pathology

+ –

1. Easy bruising + 4. Uterine rupture during the third trimester in the 
absence of previous C-section and/or severe peripar-
tum perineum tears

– +

2. Soft, doughy skin + 5. Carotid-cavernous sinus fistula (CCSF) formation in 
the absence of trauma

– –

3. Skin fragility (or traumatic splitting) + Minor criteria
4. Molluscoid pseudotumors – 1. Bruising unrelated to identified trauma and/or in 

unusual sites such as cheeks and back
+ +

5. Subcutaneous spheroids + 2. Thin, translucent skin with increased venous vis-
ibility

+ +

6. Hernia (or history thereof) – 3. Characteristic facial appearance + +
7. Epicanthal folds – 4. Spontaneous pneumothorax + –
8. Complications of joint hypermobility (e.g., sprains, 

luxation/subluxation, pain, flexible flatfoot)
+ 5. Acrogeria + +

9. Family history of a first-degree relative who meets 
clinical criteria

+ 6. Talipes equinovarus – –

7. Congenital hip dislocation + –
8. Hypermobility of small joints + +
9. Tendon and muscle rupture – –
10. Keratoconus – –
11. Gingival recession and gingival fragility + +
12. Early onset varicose veins (under age 30 and nul-

liparous if female)
– –
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fulfilled the diagnostic criteria for vEDS, to date without 
vascular rupture or internal organ manifestations. This verti-
cal inheritance pattern is in line with the classic autosomal 
dominant inheritance of vEDS. Thus, these data supported 
our diagnosis of vEDS.

Materials and methods

Sample preparation

Skin biopsies were collected at our department with a 4.0-
mm punch biopsy from each patient and two age-matched 
healthy female volunteers who served as controls. Skin sam-
ples from the patients and one volunteer were fixed in forma-
lin and embedded in paraffin. Deparaffinized sections of each 
sample were used for the nonlinear microscopy imaging. For 
histological analysis, hematoxylin and eosin (H&E), Van 
Gieson’s (VG) and Weigert’s elastic (WE) stained sections 
were prepared. Separate unfixed skin samples from Patient 
2 and the second healthy volunteer were chilled on ice, kept 
and transported in phosphate buffered saline (PBS), followed 
by placement of the samples on slides and applying cover-
slips onto the samples. Nonlinear microscopy imaging of 
these samples was carried out within 1–3 h after excision to 
avoid tissue degradation.

Ex vivo nonlinear microscopy

Nonlinear microscopy images were captured by a com-
mercial Axio Examiner LSM 7 MP laser scanning 2P 
microscope (Carl Zeiss AG, Germany), which has detec-
tion optics modified for TPF and SHG imaging. A broadly 
tunable, femtosecond pulse Ti-sapphire laser (FemtoRose 
100TUN NoTouch, R&D Ultrafast Lasers Ltd, Hungary) was 
used for the imaging, operating at 796 nm center excitation 
wavelength. The laser generated almost transform limited, 
τFWHM ~ 190 fs pulses at a repetition rate of ~ 76 MHz. A 
405/20 nm band-pass emission filter was used to isolate 
SHG signal, while a 460/50 nm band-pass emission filter 
was utilized to acquire TPF images. Computer controlled 
precise positioning of the objective along the z axis (“z-stack 
images”) was utilized in order to acquire 3D images of 
various tissue depths of the skin samples kept in PBS. A 
20x water immersion objective (W-Plan-APOCHROMAT 
20x/1,0 DIC (UV) VIS-IR, Carl Zeiss AG, Germany), 
was used to focus the laser beams, with an imaging area 
of 0.6 × 0.6  mm2. The spatial resolution was ~ 0.5 µm in 
the x–y direction, while 1.5 µm in the z direction. Further 
details about the imaging setup can be found in Ref [11]. We 
quantified the amount of unimpaired collagen and elastin 
fibers by converting the intensity of SHG and TPF signals to 
integrated optical density (IOD) by ImageJ software (NIH, 

USA). 3D SHG images were generated using ZEN software 
(Carl Zeiss AG, Germany).

Results

The comparison of SHG images of the collagen structure 
of the reticular dermis of healthy and EDS-affected skin is 
displayed in a horizontal view in Fig. 1. Normal dermis con-
tains a dense, interwoven collagen structure (Fig. 1a, b). In 
contrast, the dermis of EDS patients is made of irregular, 
loosely dispersed collagen fibers in a non-parallel arrange-
ment (Fig. 1c-h). Particularly in the vEDS patients, the loose 
collagen bands with various sizes and shapes show a disor-
ganized appearance (Fig. 1e-h). In the dermis of the cEDS 
patient (Fig. 1c, d) thicker collagen bands are also present, 
which are surrounded by fragmented collagen fibers which 
appear similar to the collagen fibers in the dermis of the 
vEDS patients. IOD, which correlates with the amount of 
unimpaired collagen, is remarkably higher in the control skin 
compared to the EDS patients, although a statistical com-
parison could not be made due to the low number of patients.

In Fig. 2a, b, it is seen in the z-stack images, that vEDS 
syndrome-affected skin shows lower unimpaired collagen 
density when compared to normal skin, with an IOD that 
is less than half of the control (Fig. 2g). On the other hand, 
the elastin content of the dermis is similar in the control 
skin (Fig. 2c) and the skin of the vEDS patient (Fig. 2d), 
with almost equal IOD values (Fig. 2h). Figure 2e–f under-
lines these findings, as the compromised collagen structure 
is clearly seen in the vEDS patient compared to the control, 
with no noticeable difference in the elastin content.

Figure 3 displays histological images of normal skin and 
skin samples of each patient with the conventional H&E 
staining to demonstrate tissue morphology (Fig. 3a, d, g, j), 
VG staining to show the collagen structure (Fig. 3b, e, h, k), 
and WE staining to differentiate elastin fibers (Fig. 3 c, f, i, 
l). In H&E stained images it is not possible to differentiate 
the components of connective tissue. VG-stained sections 
visualize an impaired collagen structure in EDS patients 
compared to the controls, especially in the vEDS patients. 
Lastly, WE staining shows similar elastin content both in the 
control and the EDS-affected skin.

Fig. 1  Second-harmonic generation (SHG) images of collagen of 
ex  vivo samples of healthy human skin and the skin of patients 
with classical and vascular type Ehlers–Danlos syndrome (EDS) in 
a horizontal view. a, b Normal human skin. c, d Patient 1, classical 
EDS. e, f Patient 2, vascular EDS. g, h Patient 3, vascular EDS. The 
detected SHG signal is shown in violet color. The size of the images 
is 150 × 150 µm2. i Integrated optical density (measured by ImageJ 
software) of the SHG signals is displayed in an arbitrary unit, which 
correlates with the amount of unimpaired collagen

▸
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Discussion

The histological characteristics of EDS have been previously 
described in detail in the late 1970s and early 1980s [24, 
25, 29]. Still, the description of the histological features of 
collagen morphology in different EDS subtypes reported 
in these publications has endured the test of time. In our 
present work, we report similar histological findings, as 
abnormal, loosely arranged, thin collagen fibers and intact 
elastin structure in the dermis of EDS patients. However, 
based on our results, it is clear, that a more detailed analysis 
of the structure of connective tissue of EDS-affected skin 
can be carried out on the basis of nonlinear optical imaging 
than with the use of conventional histological staining pro-
cedures. In the SHG images of Figs. 1 and 2, the difference 
between the collagen structure of normal and EDS-affected 
skin is striking. Conversely, in the H&E and VG-stained 

histological images in Fig. 3 only an experienced dermato-
pathologist can detect the aberration of the collagen fibers in 
the dermis of the EDS patients. Indeed, SHG microscopy is 
capable of producing high-quality background free images 
of the collagen fibers on unprocessed tissues without any 
staining [5]. Also, as the optical process of SHG is coherent, 
it is very sensitive to the subtle changes in the organiza-
tion of collagens, as particularly strong SHG emitters [6]. 
Furthermore, SHG images are suitable for prompt digital 
image analysis and objective quantitative assessment of the 
collagen structure [32]. With the combination of SHG and 
TPF techniques it is possible to differentiate components of 
the connective tissue, as collagen and elastin [19]. A novel 
approach utilizing SHG and auto fluorescence lifetime imag-
ing is even capable of separating different collagen subtypes, 
which could be of high interest to assess in EDS patients and 
may aid the diagnosis [26].

Fig. 1  (continued)
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Fig. 2  Two-photon absorption fluorescence (TPF) and second-har-
monic generation (SHG) images of collagen and elastin of normal 
human skin and vascular Ehlers–Danlos syndrome-affected skin. a–b 
panels represent z-stacks converted to 3D images. e, f panels show 
merged images of SHG (collagen, violet color) and TPF (elastin, blue 
color) signals. a, c, e panels: healthy human skin b, d, f panels: vas-
cular EDS-affected skin of Patient 2. SHG signal (violet color) shows 

the structure of dermal collagen, while TPF (blue color) displays the 
elastin content of the dermis. The size of the images is the following: 
a–d panels: 600 × 600 µm2; e, f panels: 424 × 424 × 160 µm3. g, j Inte-
grated optical density (measured by ImageJ software) of the SHG and 
TPF signals is displayed in an arbitrary unit, which correlates with 
the amount of unimpaired collagen and the autofluorescence of elas-
tin, respectively



470 Archives of Dermatological Research (2018) 310:463–473

1 3

In the healthy human reticular dermis, the propor-
tion of collagen fibers is more than 3 times higher than 
that of elastin [33]. In line with these findings, SHG and 
TPF images of collagen and elastin of normal dermis are 
shown in Fig. 2a, c, e, they display similar distribution, 
although the excitation intensities differ in the two modali-
ties, therefore IOD-s (shown in Fig. 2g, h) should not be 
directly compared. When IOD of SHG and TPF is com-
pared to their identical control, as expected, while the col-
lagen density is considerably lower, elastin fibers remain 
intact in vEDS. This data underlines, that by combining 
SHG and TPF techniques fine analysis of the connective 
tissue of the dermis is feasible. As no cut-off values for 
SHG and TPF signals exist in the literature which could 
be used to diagnose different collagenopathies, these could 
be assessed in future studies.

A limitation of our present study is that we performed 
only ex vivo nonlinear microscopy imaging. Our present 
imaging setup is also capable of conducting in vivo meas-
urements, as we have performed various in vivo animal 
studies to assess dermal structure in different conditions 
[11, 12, 16]. Still, as our setup is not yet approved for 
in vivo clinical imaging of human skin, we had to employ 
an ex vivo experimental design. A further limitation of our 
work is that relatively few patients were involved, due to 
the rarity of the condition and the fact that some patients 
refused skin biopsies. The latter issue could be resolved, if 
a nonlinear microscopy imaging system certified for human 
studies would be utilized. Also, despite that Patient 1 ful-
fills the clinical criteria for cEDS, there is contradictory 
data on the causality of the heterozygous COL5A1 muta-
tion p.G530S that this patient carries. It was first reported 
in 2000 by Giunta et al. as a disease-modifying variant 
in a heterozygous state which possibly aggravated the 
cEDS phenotype caused by the p.G1489E mutation [10]. 
They subsequently reported a further case where a patient 

homozygous for p.G530S displayed mild cEDS phenotype 
[9]. In 2005, Malfait et al. reported heterozygous p.G530S 
substitution in four cEDS patients and they suggested that 
it leads to mild dermal phenotype [17]. Furthermore, more 
recently heterozygous p.G530S mutation was found in 
5–8% of cEDS patients, but also in 5% of healthy controls 
[21, 30]. Yet, it was also reported to cause a phenotype 
that is not less severe than of the other disease-causing 
COL5A1 mutations [30]. Indeed, in Patient 1, utilizing NGS 
we could detect no other mutation in the background of her 
phenotype.

Further nonlinear microscopy studies with a higher num-
ber of EDS patients could be done to examine and compare 
the dermal structure in various EDS subtypes. Among these, 
to assess hypermobile type EDS (hEDS) would be of par-
ticular interest, as its genetic basis is still unknown and no 
molecular testing is available [18]. There is a niche in the 
objective diagnostic approaches of hEDS, as ultrasound only 
provides low resolution, while electron microscopy is not 
widely available and requires skin biopsy [3, 14]. Further-
more, in the clinical practice, based on clinical criteria it is 
difficult to distinguish hEDS from hypermobility spectrum 
disorder (HSD), which would be needed to predict prog-
nosis [4]. The phenotypic domains of HSD are limited to 
the musculoskeletal system and lack the skin manifestations 
of hEDS [4, 31]. Hence, future studies could investigate, if 
in vivo nonlinear microscopy could be applied to differenti-
ate between hEDS and HSD.

Conclusions

In our present research, we examined the morphology of 
the skin of EDS patients utilizing SHG and TPF techniques 
to visualize the collagen and elastin structure compared to 

Fig. 2  (continued)
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healthy skin. To the best of our knowledge, our research 
group was the first to introduce nonlinear microscopy in the 
imaging of EDS-affected skin. Based on further studies on 
a larger number of patients, in vivo nonlinear microscopic 
imaging could be utilized for the assessment of the skin sta-
tus of EDS patients in the future.
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Fig. 3  Histological images of healthy human skin and the skin of 
Ehlers–Danlos syndrome (EDS) patients. a–c Normal human skin. 
d–f Patient 1, classical EDS. g–i Patient 2, vascular EDS. j–k Patient 
3, vascular EDS. a, d, g, j Hematoxylin and eosin staining. b, e, h, k 

Van Gieson’s staining. c, f, i, l Weigert’s elastic staining. Representa-
tive images are shown at 200X magnification. Scale bars represent 
100 µm
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