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A B S T R A C T

Nailfold capillaroscopy, based on bright-field microscopy, is widely used to diagnose systemic sclerosis
(SSc). However it cannot reveal information about venules and arterioles lying deep under the nailfold,
nor can it provide detailed data about surface microvasculature when the skin around the nail is thick.
These limitations reflect the fact that capillaroscopy is based on microscopy methods whose penetration
depth is restricted to about 200 mm. We investigated whether ultra-wideband raster-scan optoacoustic
mesoscopy (UWB-RSOM) can resolve small capillaries of the nailfold in healthy volunteers and compared
the optoacoustic data to conventional capillaroscopy examinations. We quantified UWB-RSOM-resolved
capillary density and capillary diameter as features that relate to SSc biomarkers, and we obtained the
first three-dimensional, in vivo images of the deeper arterioles and venules. These results establish the
potential of UWB-RSOM for analyzing SSc-relevant markers.
© 2018 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nailfold capillaroscopy, based on optical microscopy, is an
important clinical technique for assessing microvascular struc-
ture that can support early diagnosis of systemic sclerosis (SSc),
also known as scleroderma [1,2]. It can also help predict
whether SSc patients are likely to develop vascular and visceral
complications potentially limiting their life expectancy, and it
can aid in the differential diagnosis of SSc-related conditions.
The technique is widely accepted as a diagnostic tool [3–5], even
forming part of the diagnostic criteria of SSc defined by the
American College of Rheumatology and the European League
Against Rheumatism [6]. However, capillaroscopy does not
provide detailed images of nailfold microvasculature under
certain conditions, such as when the patient's skin around the
nail is thick [7,8]. The penetration depth of optical microscopy is
limited to approximately 200 mm because tissue strongly
scatters light [9], and penetration is even shallower (few tens
of micrometers) for the bright-field microscopy used for
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capillaroscopy [9]. As a result, the arterioles and venules lying
below the capillary loops are never observed.

Efforts have been made to achieve robust imaging of nailfold
microvascular structure in its entirety. The ideal technique should
be “mesoscopic”, i.e. it should be able to able to image at depths of
at least 1–1.5 mm in order to reach the whole skin depth, while
maintaining resolution of �5–10 mm in order to be able to image
the smallest capillaries and arterioles and venules underlying the
epidermis regardless of epidermal thickness [9]. Optical coherence
tomography (OCT) fulfills these imaging requirements and has
been used by several authors to image the nailfold [11–13].
However, adapting the OCT method to image microvasculature
leads to a penetration depth of only �450 mm and severely reduces
axial resolution because of inherent imaging artifacts [149]. These
drawbacks, although mitigated somewhat in micro-OCT [15],
prevent OCT from providing highly accurate three-dimensional
representations of nailfold microvascular structure.

A more powerful alternative may be clinical ultra-wideband
raster-scan optoacoustic mesoscopy (UWB-RSOM), a recently
developed technique that can resolve the microvascular structure
of the skin – including capillaries, arterioles and venules – in
label-free mode with a resolution around 10 mm (depending on
the implementation) [14,16–18]. UWB-RSOM can reach a
penetration depth of 5 mm, while keeping high resolution. Its
e CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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contrast mechanism is based on light absorption. Since hemo-
globin is one of the strongest visible light absorbers in tissue, it
presents superior capabilities to image the microvasculature in
comparison with other label-free mesoscopic techniques like OCT
or high-frequency ultrasound imaging [14]. Therefore, in princi-
ple, UWB-RSOM may be able to image quantitatively the whole
microvascular structure of the nailfold, which would make it
superior to current nailfold capillaroscopy methods.

To our knowledge, UWB-RSOM has never been used to image the
nailfold microvasculature. It is also unclear whether UWB-RSOM can
image the whole microvascular structure under the epidermis.
UWB-RSOM using a detector with a central frequency of 100 MHz
(UWB-RSOM100; lateral resolution, 18 mm; axial resolution, 4 mm)
[14] can image skin capillary loops on top of the dermis, butnot in the
deeper microvascular plexus. Switching to a detector with a central
frequency of 55 MHz (UWB-RSOM55; lateral resolution, 30 mm;
axial resolution, 8 mm) can image arterioles and venoules correctly
in the mid and deep plexus but not the smallest dermal capillaries
directly below the epidermis [19].

We hypothesized that UWB-RSOM55 can resolve morpholog-
ical parameters of the nailfold capillaries that are of interest for
the early diagnosis and prognosis of SSc together with the deeper
microvascular structure of the nailfold. To validate our hypothe-
sis, we imaged the nailfold of 6 healthy subjects with a clinical
UWB-RSOM55 system and a standard clinical bright-field
microscope. We quantified the most relevant parameters of the
capillaries used for early diagnosis of SSc with both techniques
and compared the obtained values. We show that when the
epidermis is too thick for the optical microscope to provide
interpretable images, UWB-RSOM55 provides good images. In
fact, this system provides the first three-dimensional views of the
entire nailfold microvascular structure, opening up new research
opportunities on the effects of connective tissue diseases on the
microvasculature.
Fig.1. UWB-RSOM and bright-field microscopy for nailfold capillary analysis. (a) UWB-RS
a subject's non-dominant hand, with the RSOM field of view (4 � 2 mm) shown with a b
acoustic impedance between the solid nail and the soft underlying tissue distorts the a
microscope for nailfold capillaroscopy. (d) Representative nailfold bright-field microsco
distal capillaries along a 1-mm length. The maximal capillary diameter was measured a
arterial or venous limb or from the apex of the loop.
2. Material and methods

2.1. UWB-RSOM system, imaging protocols, image reconstruction and
gold standard

In order to test the ability of UWB-RSOM to image microvascu-
lar structures in comparison with the gold standard of bright-field
microscopy, we examined with six healthy volunteers using both
systems. The data acquisition hardware in the UWB-RSOM55
system has been described [14]. The laser wavelength is 532 nm
and the repetition rate 500 Hz. The transducer is a custom-made,
spherically focused transducer with a central frequency of 50 MHz
and bandwidth greater than 100% that can detect frequencies from
10 MHz to 120 MHz. The transducer was scanned over a surface
measuring 4 mm x 2 mm, and data were acquired during 70 s
(266 � 135 data points).

All participants gave written informed consent to participate
in the study, which was approved by the Government of Upper
Bavaria. Each volunteer sat in a chair and placed the fourth
(“ring”) finger of his or her non-dominant hand on a flat surface.
Then the UWB-RSOM scan head was placed on top of the finger
(Fig. 1a) such that the nailfold region lay within the scanned area
(Fig. 1b). An interface unit allows easy placement of the scanner
on the targeted skin area. A fast pre-scan is conducted to
determine whether the scanned area is near the nailfold or on
top of it. Based on the results of this pre-scan, the scanner's
position can be changed either through the software or by
physically displacing the scanning head in order to target the
desired region.

Acquired signals were divided into two frequency bands: 10–
40 MHz (low) and 40–120 MHz (high). Signals in the two bands were
independently reconstructed using a beam-forming algorithm [14]
that generates three-dimensional images. Reconstructions were
performed on a cubic grid measuring 4 mm � 2 mm � 1.5 mm,
OM system in the process of acquiring data from a nailfold. (b) Fourth (ring) finger of
lack rectangle. The scanned area excludes the nail area, since the large difference in
coustic wavefront used to generate capillary images. (c) Conventional bright-field
py image. The density of the capillaries was calculated by counting the number of
s the largest diameter of the erythrocyte column measured from a capillary loops’
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where the x dimension corresponds to the longitudinal direction of
the finger; y dimension, to the transverse direction; and z
dimension, depth (Fig. 1b). Separate reconstruction of frequency
bands can reduce noise, especially during reconstruction of high-
frequency data [20]. After reconstruction, a composite RGB image
was constructed by fusing the low-frequency reconstruction into
the red channel, and the high-frequency reconstruction into the
green channel. Frequency equalization and motion correction were
then applied [14,21].

Immediately after the optoacoustic imaging session, the nailfold
of each volunteer was also imaged using a standard clinical bright-
field capillaroscope (USB-Kapillarmikroskop Di-Li 2100-A) (Fig. 1c).
These results served as the gold standard reference for benchmark-
ing UWB-RSOM.
Fig. 2. Comparison of capillary imaging by conventional nailfold capillaroscopy and UW
light epidermis. The capillaries can be clearly seen. The yellow box encloses a capillary
nailfold of subject 2 with relatively thick, dark epidermis. The capillaries are barely v
projection obtained in the sagittal direction by UWB-RSOM55 of a region in close proxim
skin, close to the base of the nail. Brown arrows show capillaries far away from the nail 

Maximum intensity projection in the coronal direction corresponding to a region in cl
obtained in the sagittal direction by UWB-RSOM55 of a region in close proximity to the r
nailfold capillaroscopy from panel (a) (blue line) or in terms of optoacoustic signal by UW
thisfigure legend, the reader is referred to the web version of this article.). Scale bars 1
2.2. Measuring parameters associated to the capillary structure with
UWB-RSOM and gold standard

We measured two clinically relevant parameters of nailfold
microvascular structure using UWB-RSOM and bright-field capil-
laroscopy: capillary density and maximal capillary diameter.

2.2.1. Capillary density
Capillary density was determined from bright-field capillaro-

scopy images as described [8]. A clinician counted the number of
capillary loops along a 1-mm line running perpendicular to the
longitudinal axis of the finger (Fig. 2d). This procedure allows
quantitation of the loops of the capillaries in the row lying closest
to the nail, referred to as “distal capillaries”.
B-RSOM55. (a) Capillaroscopy image of the nailfold of subject 1 with relatively thin,
 whose profile (blue line) is displayed in panel (f). (b) Capillaroscopy image of the
isible and assessment of vascular morphology is difficult. (c) Maximum intensity
ity to the region shown in panel (a). Yellow arrows indicate capillaries parallel to the
that are oriented perpendicular to the skin, such that only their tips are visible. (d)
ose proximity to the region shown in panel (a). (e) Maximum intensity projection
egion shown in panel (b). (f) Profile of a single capillary in terms of optical signal by
B-RSOM55 from panel (c) (red line). (For interpretation of the references to colour in
: a), b) and d) 150 mm. Scale bars 2: c) and e) 250 mm.
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Capillary loop density was measured from UWB-RSOM images
by dividing the reconstruction grid into two volumes of
4 mm � 1 mm � 1.5 mm. Capillary density was determined based
on 3D images of one of the volumes by a researcher blinded to the
bright-field capillaroscopy results.

2.2.2. Capillary diameter
Maximal capillary diameter was determined from six capillary

loops for each subject using both imaging techniques. Maximal
capillary diameter was calculated from bright-field microscopy
images as the largest diameter of the erythrocyte column
measured from the arterial or venous limb of a capillary loop or
the apex of the loop. A capillary diameter greater than 20 mm is
considered to be elevated, and capillaries with diameters greater
than 50 mm are defined as “giant” and are associated with
development of SSc [2223].

Maximal capillary diameter was calculated from UWB-RSOM
images by measuring the area of the capillary loop close to the
apex. Profiles were taken in the axial direction, while maximum
intensity projections were taken in the sagittal direction. A full-
width half-maximum profile perpendicular to the capillary loop
was calculated.

3. Results

3.1. Comparison of UWB-RSOM55 with conventional capillaroscopy

Fig. 2a shows a bright-field microscopy image of the finger
cuticle belonging to one of the participants in the study (subject 1).
The subject has a clear, thin epidermis through which the nailfold
capillaries are partially visible, but not capillaries in the deeper
dermal plexus. In contrast, Fig. 2b shows a micro-capillaroscopy
image of another healthy participant (subject 2), whose epidermis
is darker and thicker. Only the tips of the capillaries can be seen,
and they are blurry. This is an example of a situation in which
conventional nailfold capillaroscopy fails to provide detailed
information about capillary morphology.

Fig. 2c depicts the UWB-RSOM55 cross sectional view of the
nailfold microvascular structure in subject 1. The smallest capillaries
can be seen running parallel to the skin surface towards the nail.
Towards the base of the finger, the capillaries gradually orient
perpendicularly to the skin surface. Only the tips of these
perpendicularly oriented capillaries can be visualized because of
the directional nature of the optoacoustic signal [17,24]. The venules
and arterioles of the lower plexus can be seen clearly. Fig. 2d shows a
coronal view of subject 1, which is reminiscent of the image in Fig. 2a
obtained using standard nailfold capillaroscopy. Fig. 2e shows the
UWB-RSOM55 cross section of microvasculature in subject 2,
indicating that the technique can provide good image quality even
when the epidermis isthickand dark. Fig.2f shows thatthe profilesof
single capillaries were similar for conventional capillaroscopy (red
line, lateral profile) and for UWB-RSOM55 (blue line, axial profile.
Three-dimensional visualization of the capillary loops (Supplemen-
tary Video 1) reveals their arrangement in rows and their orientation
towards the nailfold, forming a structurethat resembles the spikes of
a hedgehog. These results suggest that UWB-RSOM55 can image
capillary morphology with comparable performance to convention-
al nailfold capillaroscopy and can provide interpretable images even
when the epidermis is thicker and darker, beyond the capabilities of
capillaroscopy.

3.2. Quantification of capillary morphology

Next we wanted to test whether UWB-RSOM is capable of
quantifying the density and maximal diameter of capillaries, which
clinicians measure in order to detect avascular areas and abnormally
large capillaries when diagnosing SSc [1]. Fig. 3 shows that for all
subjects, UWB-RSOM55 gave similar estimates as nailfold capillaro-
scopy. The capillary diameter is consistently 2–3 micrometers bigger
in the UWB-RSOM measurements, as expected due to its lower
resolution and hence larger point spread function.

4. Discussion

In this paper we have demonstrated that clinical UWB-RSOM55
is capable of imaging the nailfold microvascular structures from
the smaller capillaries to larger venules and arterioles, and that it
can do so even when the epidermis is relatively thick and dark,
when the gold standard of nailfold capillaroscopy fails to provide
informative images. We show how UWB-RSOM55 can quantify
clinically relevant morphological features of capillaries, giving
results similar to those of nailfold capillaroscopy.

This study provides the first quantitative views of complete
nailfold microvascular structure, opening up opportunities for basic
and clinical research of connective tissue diseases such as SSc [22].
Scleroderma affects not only capillaries but also the rest of the
microvascular tree [25], so tools that can image the entire
microvascular structure of the nailfold provide highly useful
information. For example, when Laser Doppler imaging and
thermography, which are sensitive to blood flow in the deep dermis,
were combined with microcapillaroscopy, researchers were able to
improve the rate of correctly classified disease from 89% to 94% [1].
This highlights the promise of UWB-RSOM55, which offers higher
resolution than Laser Doppler or thermographic techniques,
especially when imaging deeper vessels, and which provides
morphological-structural information, unlike Laser Doppler or
thermography.

UWB-RSOM55 may be an alternative to current clinical nailfold
capillaroscopy methods, especially when the epidermis around the
nail is thick. Further work is needed to verify that the technique is
robust to variations in melanin levels in the skin. Preliminary data
suggest that the technique has sufficient sensitivity to image deep
vessels in individuals ranging from 1 to 5 on the Fitzpatrick scale
(Aguirre et al., unpublished).

This is the first time that UWB-RSOM55 has been shown to
resolve the smaller capillaries in the skin based on benchmarking
with the gold-standard technique of nailfold capillaroscopy.
Previous work suggested that UWB-RSOM55 should image the
lower dermal micro-vasculature but not the capillary loops.[19]
The results in the present study indicate that UWB-RSOM55 can
perform better than initially suggested. In fact, the technique
provided estimates of capillary density and maximal capillary
diameter in good accordance with the gold standard of bright-field
capillaroscopy and within the ranges expected for healthy subjects
[22]. The discrepancy between the two techniques can be
attributed at least in part to the fact that they did not examine
identical skin locations, and to the fact that multiple measure-
ments of the same subject show some variability [26]. Neverthe-
less, the discrepancy between UWB-RSOM55 and bright-field
microscopy appears to be relatively small: the standard deviation
of the difference in capillary densities measured by the two
techniques was 1.09, compared to 1.22 in a previous comparison of
two video-based capillaroscopy methods [26].

Like UWB-RSOM55, optoacoustic microscopy can image the
capillary loop architecture of the nailfold [27,28]. However,
optoacoustic microscopy cannot resolve the entire microvasculature
and it is expected to suffer from similar problems as bright-field
microcapillaroscopy, since the techniques share the same funda-
mental resolution limits. Furthermore, UWB-RSOM devices are at
the verge of clinical implementation [14] whereas optoacoustic
microscopy remains far from the clinic. It is well recognized that
scleroderma affects not only the capillaries but also the rest of the



Fig. 3. Comparison of capillary quantitation by conventional nailfold capillaroscopy and UWB-RSOM55. (a–f) Comparison of capillary diameters estimated using
capillaroscopy (brown) and UWB-RSOM55 (gray) in 6 healthy subjects. (g) Comparison of capillary diameters estimated using capillaroscopy (brown) and UWB-RSOM55
(gray) in the healthy subjects.
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microvascular tree (that is venules and arterioles) [25], therefore it is
expected that a tool can image the whole microvascular structure of
the nailfold will provide useful information.

One limitation of UWB-RSOM that must be resolved for clinical
implementation is the long data acquisition time. The images in
the present paper required scanning of approximately 1 min,
compared to real time scanning for OCT [29]. Longer scanning time
increases the risk of patient motion, which can cause artifacts in
the resulting RSOM images. This highlights the need for
appropriate motion correction strategies [21].

In this paper we have demonstrated that clinical UWB-RSOM can
mimic the ability of bright-field microscopy to characterize capillary
parameters relevant for the diagnosis and assessment of SSc, with a
penetration depth at least one order of magnitude better. This allows
the optoacoustic technique to provide informative images when
conventional nailfold capillaroscopy cannot. Therefore UWB-RSOM
has a strong potential to become a useful tool for dermatology
researchers and clinicians to improve our basic understanding of SSc
and its management. Future work should examine the clinical
performance of the technique with patients.
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