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Abstract
Objectives: The first objective of this study was to implement and assess the performance and reliability of a vision transformer (ViT)-based
deep-learning model, an ‘off-the-shelf’ artificial intelligence solution, for identifying distinct signs of microangiopathy in nailfold capilloroscopy
(NFC) images of patients with SSc. The second objective was to compare the ViT’s analysis performance with that of practising rheumatologists.

Methods: NFC images of patients prospectively enrolled in our European Scleroderma Trials and Research group (EUSTAR) and Very
Early Diagnosis of Systemic Sclerosis (VEDOSS) local registries were used. The primary outcome investigated was the ViT’s classification
performance for identifying disease-associated changes (enlarged capillaries, giant capillaries, capillary loss, microhaemorrhages) and the
presence of the scleroderma pattern in these images using a cross-fold validation setting. The secondary outcome involved a comparison of
the ViT’s performance vs that of rheumatologists on a reliability set, consisting of a subset of 464 NFC images with majority vote–derived
ground-truth labels.

Results: We analysed 17126 NFC images derived from 234 EUSTAR and 55 VEDOSS patients. The ViT had good performance in identifying the
various microangiopathic changes in capillaries by NFC [area under the curve (AUC) from 81.8% to 84.5%]. In the reliability set, the rheumatolo-
gists reached a higher average accuracy, as well as a better trade-off between sensitivity and specificity compared with the ViT. However,
the annotators’ performance was variable, and one out of four rheumatologists showed equal or lower classification measures compared with
the ViT.

Conclusions: The ViT is a modern, well-performing and readily available tool for assessing patterns of microangiopathy on NFC images, and
it may assist rheumatologists in generating consistent and high-quality NFC reports; however, the final diagnosis of a scleroderma pattern in any
individual case needs the judgement of an experienced observer.
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Introduction

SSc is a rare but potentially lethal autoimmune disease
characterized by three hallmarks: small-vessel damage (micro-
angiopathy), production of disease-specific autoantibodies,

and deposition of extracellular matrix proteins, resulting in
tissue fibrosis [1, 2].

Nailfold capillaroscopy (NFC) is a well-established diag-
nostic tool in SSc, allowing early diagnosis by identifying
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disease-specific microangiopathic changes, which are fre-
quently referred to as the capillaroscopic scleroderma pattern
[3]. Morphological and architectural capillary changes cap-
tured by NFC (i.e. enlarged capillaries, giant capillaries, loss
of capillaries, microhaemorrhages) also reflect dynamic SSc
microangiopathy changes, classified into the ‘early’, ‘active’
and ‘late’ patterns [4]. Moreover, NFC changes correlate with
disease activity and severity and are predictive for disease
worsening [5, 6]. Therefore, given the well-established role of
NFC in the diagnosis and prognosis of SSc, the adequate as-
sessment of NFC images is of great importance. However,
this often comes with some challenges: need of assessor train-
ing, operator/observer bias, and time-consuming assessment,
especially if all eight fingers are examined [7].

To overcome these challenges, there is increasing interest in
automating the evaluation of NFC images, with recent work
showing considerable progress towards this goal. Semi-
automated systems, such as CapiAna, have reduced the analy-
sis time to 25–35 min per patient [8], while the system
addressed by Murray et al., with an analysis time of 2 min per
image, helps the clinician to save approximately 64 min per
patient (eight fingers) [9]. With their system, Cheng et al.
achieved an analysis time of 30 s per image [10]. However,
all these solutions required image processing before analysis.
The fully automated solution introduced by Cutolo et al.,
the AUTOCAPI, is able to correctly asses an NFC image in
only 20 s [11].

All of these approaches opened up promising application
areas, from improving NFC assessment quality in clinical
routine to standardizing outcome measures in clinical trials
[7, 12]. Computer vision algorithms based on recent advances
in machine learning represent a new and promising avenue
for automating the analysis of NFC images. The ‘Manchester
system’ includes a fully automated system operating on a ran-
dom forest algorithm to extract quantitative biomarkers from
capillaroscopy images [13]. The system is able to process
images and to measure capillary density, mean capillary
width, maximum capillary width, shape and derangement of
capillaries in 1–2 min per finger [7, 13–15]. A further contri-
bution was made by Gracia Tello et al. [16], who applied
deep learning, i.e. Retinanet, to NFC image analysis, albeit
with a smaller dataset than the current study.

At the moment, one of the most competitive and widely
used deep learning architectures in computer vision is the
Vision Transformer (ViT) [17, 18]. With this in mind, our
first objective was to implement ViT’s deep learning architec-
ture (see [17]) for identifying patterns of microangiopathy in
NFC images from patients with SSc. Our second objective
was a comparison of the performance of ViT with that of
practising rheumatologists.

Patients and methods
Patients and source of data

For this study, we used prospectively collected patient data
from two sources, the local European Scleroderma Trials and
Research group (EUSTAR) cohort, which includes patients
with established SSc [1], and the local Very Early Diagnosis of
Systemic Sclerosis (VEDOSS) cohort, which contains patients
with early/mild SSc [2]. We included routine NFC images of
patients �18 years with visits between 2012 and 2021, who
fulfilled either the 2013 ACR/EULAR classification criteria

for SSc or the preliminary criteria for VEDOSS [1, 2]. At base-
line and at each annual follow-up visit, a total of 16 images
(digits II to V from both hands, two images per digit—at 11
and 1 o’clock) were acquired and analysed. Prior to the image
acquisition, the patients were prepared according to Ingegnoli
et al. [19]. For image acquisition, we used an Optilia Digital
Capillaroscopy System, with magnification set to �200. We
used Synedra for long-term image storage. The examination
of NFC images follows the requirements of the international
Delphi consensus proposed by Ingegnoli et al. [19].

Ethical approval for this data collection and analysis was
issued by the Ethics Committee of Zurich, Switzerland
(BASEC no. 2016-01515 and BASEC no. 2018-02165).
Written informed consent was obtained from the participants
(or their legally authorized representatives).

Outcome

The primary outcome under investigation was the perfor-
mance of the ViT in terms of area under the (receiver operator
characteristic) curve (AUC), sensitivity and specificity for
identifying the following distinct microangiopathic features in
NFC images: enlarged capillaries (apex diameter of the capil-
lary >20 mm and <50mm), giant capillaries (>50mm), loss of
capillaries (<7 capillaries/mm), and microhaemorrhages [20].
From now on, these capillary alterations will be referred to
simply as NFC changes.

In addition to the NFC changes, we also assessed the per-
formance of the ViT with regard to identifying the presence of
a scleroderma pattern. To this end, we used the definition by
Smith et al. (2019) and labelled an NFC image as scleroderma
pattern–positive if it showed very low capillary density (�3
capillaries/mm) OR the presence of giant capillaries [21].
Furthermore, we tested the performance of the ViT to identify
the SSc pattern subtypes described by Cutolo [i.e. early, active
and late, standardized according to Smith et al. 2020 [12], see
Supplementary Table S1 (available at Rheumatology online)
for the respective definitions], which assess the severity of the
SSc-associated microangiopathy. The secondary outcome un-
der investigation was the comparison of the ViT’s vs rheuma-
tologists’ performance in terms of sensitivity, specificity and
accuracy on a reliability set, consisting of a subset of NFC
images with majority vote–derived ground-truth labels.

Statistical analysis

The image analysis was conducted in Python using the
Pytorch libraries. The statistical computations were done in R
4.0 language.

Vision transformer implementation and performance
evaluation

A detailed architecture of the ViT model architecture is reported
in the Supplementary Data and displayed in Supplementary
Fig. S1, available at Rheumatology online. To assess the ViT’s
performance, we implemented a k-fold (k¼ 5) cross-validation
technique: the original dataset was randomly partitioned into
five equal-sized subsamples [22]. To ensure a balanced distribu-
tion of class labels, we used a stratified random sampling tech-
nique. Of the five subsamples, three sets were used for training,
one set for validation and the remaining one for testing. This
process was repeated five times (i.e. five folds) until each sub-
sample had been given the chance to be in the train, test and val-
idation set, respectively. The AUC was reported for each fold,
as a measure of the model performance. The AUC performance
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was classified as follows: 90–100% excellent, 80–89.9% good,
70–79.9% fair, 60–69.9% poor, 50–59.9% fail [23]. To ex-
press the ViT’s performance in terms of a single test sensitivity
and specificity, we determined, for each NFC change and fold,
the optimal threshold along the receiver operator characteristic
(ROC) curve. For this performance evaluation, we used the as-
sessment contained in the clinical report attached to each image
as the ground truth. This assessment was provided by the at-
tending physician, who performed the NFC image analysis as
part of the routine clinical visit at which the images were
generated.

Rheumatologists vs vision transformer

From the first validation subsample, we randomly selected
NFC images (n¼ 464, reliability set), which were annotated
in a blinded fashion by three invited rheumatologists with dif-
ferent levels of expertise in capillaroscopy: two residents
(A.G. and N.G., with 2 months and 2 years of experience
assessing NFCs, respectively) and one attending physician
(C.M., with 12 years of experience assessing NFCs). The resi-
dent physicians completed a 4-week internal course on capil-
laroscopy offered by C.M. before they started annotating the
NFC images. We also had access to the assessment of the
same 464 images by the attending physicians who performed
NFC image analysis as part of the routine clinical visits at
which the images were generated (the human annotators to-
gether with the attending physician will be referred to as
‘rheumatologists’). To generate ground-truth labels for the
images in the reliability set, we derived a majority vote–based
label for each of the 464 images (at least three out of the four
rheumatologists had to agree on a particular finding).

The rheumatologists and the ViT were then tasked with the
identification of NFC image changes in the reliability set. We
assessed the performance with regard to the ground-truth
labels of the reliability set using AUC (ViT), as well as sensi-
tivity, specificity and accuracy (for both the ViT and the rheu-
matologists). The ViT’s sensitivity, specificity and accuracy
were derived by finding an optimal probability threshold
along the ROC curve.

We assessed the agreement among the rheumatologists as
follows. First, for every image in the reliability set, we mea-
sured the disagreement by counting how often two out of
three rheumatologists disagreed on the label in a particular
NFC image. Second, for the same set of images, we also
assessed the agreement between the attending physician and
each of the remaining rheumatologists. Agreement cut-offs
were considered as follows: 82–100% almost perfect, 64–
81% strong, 35–63% moderate, 15–35% weak, 4–15% min-
imal, 0–4% none [24].

Sample size considerations

A minimum sample size required a priori was not computed.
We assumed an adequate sample size if we obtained similar
model performance across all cross-validation folds.

Missing data

While we could use all capillaroscopy images for model train-
ing and validation, not all images had well-documented corre-
sponding clinical and laboratory variables in the local
VEDOSS/EUSTAR registries. Thus, the patients’ characteris-
tics in Table 1 [25, 26] reflect the baseline visits in our dataset
for which we have >50% clinical data and laboratory param-
eters, and for which a capillaroscopy report was available.

Results
Patients

We included 234 patients from our local EUSTAR (76.9% fe-
male sex, 74.2% lcSSc, median age 57 years, median disease
duration 4.9 years) and 55 from our local VEDOSS (92.7%
female sex, median age 44 years, median time elapsed since
first RP 4.5 years) cohorts that had corresponding NFC
images and reports (from a total of 549 EUSTAR and 185
VEDOSS patients). Clinical characteristics of the patients are
summarized in Table 1.

Vision transformer implementation and

performance evaluation

From the 17 126 NFC images across the patients in the two
registries, five subsets of 3443 NFC images were created to as-
sess the performance of the ViT in a cross-validation setting
(see Fig. 1).

The ViT had good mean performance in identifying the NFC
changes in all five folds (Fig. 2). The AUC ranged from 81.8%
to 84.5% for identifying the different microangiopathic
changes. We also tested the ViT’s performance to detect sclero-
derma patterns. Particularly, the accuracy of the ViT to delin-
eate the presence of early, active or late scleroderma pattern
ranged from 85.8% to 93.5% (Supplementary Fig. S2, avail-
able at Rheumatology online), corresponding to a good to ex-
cellent accuracy among all cross-validation sets. In terms of

Table 1. Clinical and laboratory characteristics of the patients at baseline

EUSTAR VEDOSS

Patients, n 234 55
Age, median (IQR) 57 (48, 66) 44 (33, 57)
Gender: female, n/N (%) 180/234 (76.9) 51/55 (92.7)
SSc subset: lcSSc, n/N (%) 144/199 (74.2) NA
Disease duration: time since RP,

median (IQR)
4.9 (2, 10.7) 4.53 (2.2, 8.4)

Cigarette smoking ever: yes, n/N
(%)

63/196 (32) NA

RP present: yes, n/N (%) 199/211 (94.3) 53/54 (98.1)
Digital ulcers: current, n/N (%) 18/202 (8.9) 2/55 (3.6)
Digital ulcers: previously, n/N (%) 49/201 (24.3) 0/55 0
Gangrene: current, n/N (%) 1/234 (0.4) 0/55 0
Pitting scars on fingertips:

current, n/N (%)
68/226 (30) 0/55 0

mRSS, median (IQR) 2 (0, 8) 0 (0, 0)
PH: yes, n/N (%) 22/204 (10.8) 1/55 (1.8)
Arterial hypertension: yes,

n/N (%)
49/234 (20.9) 7/53 (13.2)

Renal crisis 1/77 (1.3) 0/55 0
CRP elevation: yes, n/N (%) 38/208 (18.3) 4/55 (7.3)
Any vasoactive medication: yes 178/234 (76) 55/55 (100)
Scleroderma pattern: present, n/N

(%)
8/37 (21.6) NA

Giant capillariesa: extensive, n/N
(%)

9/43 (20.9) 1/55 (1.8)

Haemorrhagesa: extensive,
n/N (%)

3/33 (9.1) 1/55 (1.8)

Capillary lossa: extensive, n/N (%) 29/69 (42) 1/55 (1.8)

a Scoring system after Smith et al. [25]: ‘None’ is defined as no capillary
changes, ‘Rare’ as �33%, ‘Moderate’ as >33 but <66%, and ‘Extensive’ as
�66% capillary changes per linear millimetre, respectively.
mRSS: modified Rodnan skin score; n: number; NA: not available;
EUSTAR: European Scleroderma Trial and Research; IQR: Interquartile
range; VEDOSS: Very Early Diagnosis of Systemic Sclerosis; PH: pulmonary
hypertension detected by echocardiography [26].
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inference time, the ViT was able to label a NFC image in 0.19 s,
which means that for 16 NFC (two images per digit and a total
of eight digits) a report can be generated in �3 s.

Rheumatologists vs vision transformer

The reliability subset contained 464 NFC images sampled
at random from the validation subset of the first fold. We
first assessed the agreement among four rheumatologists

with regard to the findings in these images. We then derived
a majority vote–derived ground truth for the images in
the reliability set, based on the findings from each
rheumatologist.

Agreement among rheumatologists

When comparing the labels of the four rheumatologists, we
observed (Fig. 3A) almost perfect agreement for giant

Figure 1. Flow chart depicting patient selection across the study. AUC: Area under the curve; EUSTAR: European Scleroderma Trial and Research;

k¼ folds; n, number; DER: derivation; NFC: nail-fold capillaroscopy; VAL: validation; VEDOSS: Very Early Diagnosis of Systemic Sclerosis; ViT: Vision

Transformer
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capillaries (91%) and microhaemorrhages (85%) as well as
strong agreement for enlarged capillaries and capillary loss
(72% for both changes). Regarding the classification of NFC
into presence and absence of scleroderma pattern, the human
annotators reached a strong agreement of 81%.

Agreement with the attending physician

The agreement reached between the attending physicians and
the remaining three rheumatologists was strong to almost per-
fect (Fig. 3B–D). The highest agreement was reached in assess-
ing of the giant capillaries by annotators C and B
(agreement¼ 97% and 96%, respectively) and for microhae-
morrhages by annotator A (agreement¼ 96%). Lowest agree-
ment was seen in the assessment of capillary loss (annotators

A and B, agreement¼ 92% and 82%, respectively) and en-
largement (annotator C, agreement¼ 76%). By wrapping
these features into presence/absence of scleroderma pattern,
we observed an agreement of 91% for annotators A and B
and 92% for annotator C, respectively.

Vision transformer’s performance on the reliability set

We assessed the ViT’s performance with regard to the ground-
truth labels in the reliability set (see Fig. 4). We observed highest
performance for diagnosing giant capillaries (AUC¼ 92.6%),
followed by identification of enlarged capillaries (AUC¼
90.2%). Good AUCs were seen in depicting capillary loss
(AUC¼ 86.7%), microhaemorrhages (AUC¼ 85.1%), and the
scleroderma pattern (AUC¼ 88.6%).

Figure 2. ViT performance in each cross-validation fold (evaluation set, n¼ 17 216 images). The panels show the average AUC across the NFC changes

(panel title), as well as the ‘optimal’ sensitivity and specificity per NFC change (box). AUC: area under the (receiver operating characteristic) curve;

NFC: nail-fold capillaroscopy; SE: sensitivity; SP: specificity
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Vision transformer’s performance compared with the
rheumatologists’ performance

The rheumatologists’ performance was measured by compar-
ing their individual assessments with the majority vote–de-
rived labels of the ground-truth dataset. The point
performance of individual rheumatologists (their specific per-
formance in terms of sensitivity and specificity) is shown in
Fig. 4. Point performances that lie within the ViT’s ROC
curves indicate higher performance of the ViT compared with
the human assessors. Accordingly, while the rheumatologists
generally demonstrated better performance, for the prediction
of capillary loss (assessor B), the ViT classified the NFC
images at least as well as an experienced rheumatologist
(Fig. 4).

We also measured the rheumatologists’ and the ViT’s
accuracy in correctly identifying the ground-truth labels
(Supplementary Fig. S3A–F, available at Rheumatology online).
The mean accuracy for the human assessors ranged from 90%
to 98% (Supplementary Fig. S3A, available at Rheumatology
online). By deriving an optimal threshold along the ROC
curve, a similar accuracy measure was derived for the ViT
(Supplementary Fig. S3B, available at Rheumatology online).
Overall, the rheumatologists’ accuracy was higher than the
ViT’s, ranging between 80% and 100%. The accuracy of the
ViT did not drop under 81%, and it showed equal or higher ac-
curacy than one rheumatologist in identifying enlarged capillar-
ies (Supplementary Fig. S3E, available at Rheumatology online).

Discussion

In this study, we addressed the implementation of a powerful
‘off-the shelf’ deep learning algorithm based on the ViT archi-
tecture to identify characteristic features of microangiopathy
in NFC images. The ViT system achieved a fair to excellent

performance in our evaluation set-up, with best performance
and agreement observed in detecting giant capillaries and
microhaemorrhages, followed by capillary loss and enlarged
capillaries. The key finding of our study, based on a reliability
set with ground-truth labels, is the interindividual variance of
the human annotators and the comparable and robust ViT
classification performance. Particularly, while the rheumatol-
ogists on average had good to excellent classification perfor-
mance, the ViT showed similar performance, matching one
human assessor for specific NFC changes. Given this robust
performance, our data warrant further exploration of the use
of automated NFC assessment in clinical practice.
Particularly, a deep learning–based NFC tool could serve as
an assistive device supporting rheumatologists, independent
of expertise, in assessing NFC images.

In addition to its good performance, the ViT provides all
the advantages of a computational solution: it performs con-
sistently faster than a human assessor does (0.19 s per NFC
image). In fact, according to our knowledge, the ViT reached
the fastest inference time compared with any other previous
automated solutions for NFC assessment [7–11, 13–15].
Furthermore, the software can be hosted on a digital platform
and could thus be readily and easily available for use by any
clinician. Furthermore, the application of the ViT to a wider
spectrum of rheumatic and non-rheumatic diseases affecting
the small vessels is straightforward. Naturally, validation of
the ViT for these diseases should be addressed in separate
studies.

The performance of the ViT was in line with the perfor-
mance of previously published solutions for automated NFC
image classification. Similar AUCs were reported in a study
using a random forest classifier for identifying capillary
parameters such as density, width or shape [13, 14]. A recent
study using a convolutional neural network/RetinaNet

Figure 3. Agreement among human annotators in assessing the NFC changes in the reliability set (n¼ 464 images). Panel A: agreement among four

annotators (three rheumatologists and an attending physician who assessed the NFC image in the first place at the respective follow-up visit). Panels B,

C and D: agreement between the attending physician and each of the three rheumatologists (invited annotator A, B and C, respectively)
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solution revealed similar sensibility and specificity in predict-
ing enlarged capillaries, giant capillaries and microhaemor-
rhages [16]. Our below-perfect agreement numbers between
human annotators are also reflected in previous studies. In
Smith et al., the agreement for experts, attendees and novices
ranged between 63% and 67% [12, 25]. In our study, differ-
ent levels of expertise in assessing the NFC images and free-
dom to select the region of interest on the NFC images might
have played a role in the observed agreement differences.

Our study has several limitations. First, it was conducted at
a single institution and we have yet to demonstrate the gener-
alizability of our tool in different environments. Nevertheless,
despite being a monocentric study, two different cohorts of

SSc patients at different stages of the disease were included.
Second, the images were collected with a single type of capil-
laroscope. Thus, we do not know whether our ViT model can
deal with images collected with a different type of optical sys-
tem. Third, the consistency of our NFC image labels might be
sub-optimal. For example, different attending physicians in
the clinical routine of our centre might have assessed NFC
images of the same patient acquired at different time points.
Another limitation may arise from not having tested the ViT
on healthy control subjects or on patients with primary RP.
The cohort could not be enriched with healthy controls or
with patients with primary RP, as the current ethical approval
did not allow the inclusion of NFC images from these

Figure 4. Sensitivity/specificity trade-off across the images in the reliability set. The continuous lines show the ROC curves corresponding to the ViT

predictions, with the ViT’s AUC, ‘optimal’ sensitivity and specificity shown in the box. Also shown are the point performances of each of the four human

annotators, with performances below the continuous line indicating lower performance than the ViT. A: annotator A; B: annotator B; C: annotator C;

AUC: area under the ROC curve; P: attending physician; ROC: receiver operating characteristic; SE: sensitivity; SP: specificity; ViT: Vision Transformer
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subjects. Finally, even though we included baseline and all
available follow-up images from all patients, the results do
not reflect on the ViT’s abilities to track patients longitudi-
nally. Therefore, future studies are needed to evaluate more
rigorously whether the ViT can also be used for the assess-
ment of severity over time.

Despite these limitations, our study has several strengths.
To our knowledge, this study reports on a deep learning ar-
chitecture trained on the largest NFC image set to date. The
image set included NFC images from SSc patients with estab-
lished disease from the local EUSTAR registry as well as
patients with mild/early disease from the local VEDOSS regis-
try. The innovation brought by the ViT in the capillaroscopy
field is that the model represents the state-of-art in computer
vision, outperforming convolutional neural network or other
previously developed AI solutions [17]. Particularly, no fea-
ture engineering was performed, which was undertaken in
earlier studies by Berks et al. [13]. Moreover, we included all
NFC images available, irrespective of any image artefacts.
Given the good performance on these unfiltered images, we
conclude that the ViT is a capable tool for successfully dealing
with image artefacts.

In conclusion, the ViT is an easy-to-use and reliable instru-
ment for assessing NFC images and could be of assistance in
detecting NFC changes. Further prospective studies are en-
couraged to assess the performance of rheumatologists in
detecting NFC changes when assisted by automated NFC im-
age classification. However, the final diagnosis of a sclero-
derma pattern in any individual case needs the judgement of
an experienced observer.

Supplementary data

Supplementary data are available at Rheumatology online.
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