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Abstract. Nailfold capillaroscopy (NFC) is a well-established, highly specialized, non-invasive method for
assessing microcirculation and represents the “gold standard” in rheumatology for distinguishing primary
from secondary Raynaud’s phenomenon (RP). Through analysis of capillary structures in the nailfold region,
clinicians can identify different patterns (scleroderma, scleroderma-like, and non-specific). Despite its clinical
significance, image interpretation remains challenging due to subjectivity and the requirement for substantial
examiner expertise. In recent years, artificial intelligence (Al) has offered novel solutions through the automated
recognition and analysis of capillary structures. Machine learning and deep learning approaches have
demonstrated high effectiveness in detecting abnormalities, classifying capillary patterns, and predicting the risk
of systemic sclerosis. Projects such as CAPI-Detect, along with various other machine learning, deep learning,
and neural network models (DenseNet-121, EfficientNet-BO, ResNet-34, NFC-Net), have shown that Al can
identify novel quantitative parameters not accessible through traditional visual assessment and can increase the
objectivity and reproducibility of results up to 90%. Most studies in this field focus on capillaroscopic patterns in
systemic sclerosis (SSc); however, pilot studies in juvenile dermatomyositis, diabetes mellitus, and hypertension
further highlight the applicability of these technologies. Some Al models are even capable of distinguishing
onychomycosis, nail psoriasis, and subungual melanoma. Machine learning and deep learning models based on
image analysis (Vision Transformer, ViT) appear to represent an additional valid system for the early and rapid
interpretation of NFC images and morphological biomarkers in systemic sclerosis (SSc), integrating EULAR-
validated algorithms for distinguishing scleroderma from non-scleroderma patterns with artificial intelligence (Al).
Beyond its diagnostic applications, Al also holds potential in disease monitoring, assessment of therapeutic
response, and the development of personalized treatment strategies. The processing of digital images through
validated machine learning algorithms, neural networks, and related approaches is aligned with the priorities
of the National Health Strategy 2030 for digitalization and the development of eHealth (Policy 2.5). The
establishment of a National Digital Platform for Medical Diagnostics is envisaged, aimed at supporting all medical
specialties. This platform will be integrated with the National Health Information System and the electronic patient
record, with the primary objective of improving the quality of healthcare services. The integration of Al into
medical practice opens new opportunities to support early diagnosis and improved management of patients
with microangiopathy, facilitating timely detection and the prevention of complications, with the ultimate aim of
ensuring better quality of life and preserved functional capacity.
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INTRODUCTION

Capillaroscopy as a Primary Diagnostic
Method

Nailfold videocapillaroscopy (NVC) is an ex-
tremely useful, non-invasive, and reliable diagnos-
tic method for analyzing microvascular changes in
Raynaud’s phenomenon and various rheumatic dis-
eases, as well as for assessing disease activity and
prognosis [1-9]. Raynaud’s phenomenon (RP) is the
most common clinical manifestation of microvascu-
lar involvement and represents a key feature of sev-
eral systemic diseases, including systemic sclerosis
(SSc), mixed connective tissue disease (MCTD),

systemic lupus erythematosus (SLE), dermatomyo-
sitis (DM), polymyositis (PM), and antiphospholipid
syndrome (APS) [2-6].

The main capillaroscopic parameters evaluated
include capillary density and morphology [10, 11], ar-
rangement, capillary diameters (arterial limb, venous
limb, and apical capillary loop) [10, 12]. The presence
of dilated capillaries (arterial limb diameter > 15 ym
or venous limb diameter > 20 um) [13] and giant cap-
illaries (diameter > 50 ym) [13, 14], avascular areas
(distance between adjacent capillary loops greater
than 500 pym in the distal row and greater than 300
pgm in the proximal row), hemorrhages, and neoan-
giogenesis (newly formed vessels) is assessed [13].
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In healthy individuals, the number of capillary loops
ranges from 7 to 16 per millimeter, with the majority
displaying a hairpin shape and a convex apical por-
tion [13]. Hemorrhages may represent a manifesta-
tion of local trauma, in which case they are not as-
sociated with giant capillaries or neoangiogenesis.
In cases of previous traumatic injury, isolated newly
formed vessels (neoangiogenesis) may be observed,
with preserved capillary density and normal capillary
arrangement [10, 15]. The subpapillary plexus, from
which nailfold capillaries originate, is visible in approx-
imately 30% of healthy individuals [10, 11]. Variations
in capillary morphology in healthy individuals include
capillaries with tortuous limbs that do not intersect, as
well as capillaries whose limbs cross at one or two
points [8]. Definite signs of microangiopathy, which
are not observed in healthy individuals, include giant
capillaries and avascular areas, as well as neoangio-
genesis in combination with reduced capillary density
[10, 15, 16].

Video capillaroscopy is currently widely used in
the differential diagnosis of primary and secondary
Raynaud’s phenomenon in rheumatic diseases [10-
14]. The best-studied are the so-called “scleroder-
ma” and “scleroderma-like” patterns. The “sclero-
derma” capillaroscopic pattern is characterized
by the presence of giant capillaries, hemorrhages,
disorganization of the capillary architecture, avas-
cular areas, and neoangiogenesis. The early stage
of “scleroderma-type” microangiopathy is character-
ized by the appearance of giant capillaries and iso-
lated hemorrhages with preserved capillary arrange-
ment and without avascular areas. In the so-called
“active” phase, a large number of giant capillaries
and hemorrhages are present, together with moder-
ate capillary loss and architectural disorganization. In
the “late” phase, extensive avascular areas and ad-
vanced architectural disorganization are observed,
as well as numerous ramified capillaries, which rep-
resent neoangiogenesis [17, 18]. The “scleroder-
ma-like” capillaroscopic pattern is observed in some
patients with other systemic connective tissue dis-
eases (undifferentiated connective tissue diseases,
overlap syndromes, dermatomyositis, etc.) [10, 19,
20, 21, 22, 23].

Non-specific changes are observed mainly in
patients with systemic lupus erythematosus, rheu-
matoid arthritis, and Sjogren’s syndrome. These
changes include the presence of dilated and elon-
gated capillaries, a prominent subpapillary plexus,
hemorrhages, and tortuous capillaries with altered
morphology [10, 24, 25, 26, 27].

Application of artificial intelligence (Al) in
medicine

Artificial intelligence (Al) refers to a field of com-
puter science dedicated to the creation of systems
capable of performing tasks that require human in-
telligence [28, 29].

Al uses a structured methodology to integrate
external data, applying complex algorithms and gen-
erating predictions for specific scenarios [29, 30].
This systematic process involves advanced tech-
niques, such as artificial neural networks and deep
learning. The fundamental principles include data
collection and preprocessing, model training, valida-
tion of results through cross-validation, selection of
the optimal model and its integration into systems,
such as desktop applications or embedded devices
and hardware [29].

Al in healthcare involves the use of computation-
al algorithms designed to analyze complex medical
data (patient medical records, medical images, ge-
nomic sequences, etc.) in order to extract meaning-
ful patterns, make predictions, and support health-
care professionals in clinical decision-making [28].

Different subfields of Al include:

a) Machine learning (ML) — enables Al systems
to learn from large datasets without being explicitly
programmed. [28] ML uses training datasets to ex-
tract correlations between variables and does not
rely on predefined step-by-step processes [29].

b) Deep learning networks (DLN) — deep learn-
ing networks are inspired by the neural networks of
the human brain. They are capable of analyzing
tasks involving complex data representations and hi-
erarchical feature learning [28]. This Al subfield has
a broad scope and enables image-based diagnos-
tics. Supervised learning focuses on establishing a
relationship between inputs and desired outputs us-
ing provided input data and their corresponding cor-
rect outputs. The algorithm is trained by comparing
its actual output with the correct outputs, allowing it
to identify errors and making it useful for tasks such
as classification and prediction [29].

c) Natural language processing (NLP) — na-
tural language processing enables the extraction of
information from medical texts or literature, as well
as summarization and automation of medical coding
[28, 29].

d) Expert systems — integrate domain-specific
knowledge and logical reasoning to provide diagnos-
tic support, treatment recommendations, and per-
sonalized health interventions based on established
medical guidelines [28].
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Al capabilities in capillaroscopic image
analysis

Nailfold capillaroscopy (NFC) has both diagnos-
tic and prognostic value, particularly in connective
tissue diseases (especially systemic sclerosis) [28,
31, 32] and lifestyle-related diseases (including di-
abetes and arterial hypertension) [28, 33]. How-
ever, qualitative and quantitative analyses require
high-quality NFC images and are time-consuming.
Artificial intelligence has proven useful in overco-
ming these challenges [28, 31, 32, 33].

In recent years, artificial intelligence (Al) has of-
fered new solutions through automated recognition
and analysis of capillary structures. Machine lear-
ning and deep learning approaches demonstrate
high effectiveness in detecting abnormalities, clas-
sifying capillary patterns, and predicting the risk of
systemic sclerosis. Projects such as CAPI-Detect
and various other machine learning, deep learn-
ing, and neural network models (DenseNet-121,
EfficientNet-BO, ResNet-34, NFC-Net) can identify
quantitative parameters and increase the objectivity
and reproducibility of results up to 90%.

For the analysis of capillaroscopic images, three
main types of models are primarily used:

e Object detection models, which localize blood
capillaries within the image. These models determine
the number of capillaries and their spatial distribution
and can also detect the presence of hemorrhages.

e Image classification models, which classify
images according to capillary morphology.

o Keypoint detection models, which enable
measurement of the diameters of the arterial limb,
venous limb, and apical capillary loop [34].

Capillary.io is a web-based platform for automat-
ed capillaroscopic analysis. The system improves
the image interpretation process, saves time, and
instantly calculates parameters when all required
data are available. It should be noted that no Al sys-
tem is perfect and can operate with 100% accura-
cy. Therefore, physicians have the option to correct
inaccurate predictions generated by the Al model.
Nevertheless, the platform is useful for result inter-
pretation, as image quality may vary depending on
the operator’s skills and the microscope used [35].

The platform has been developed based on two
major projects — CAPI-SCORE and CAPI-DETECT.

CAPI-SCORE [35] is a quantitative algorithm
that automatically classifies nailfold videocapillaros-
copy (NVC) patterns in patients with scleroderma or
systemic diseases. Its main objective is to overcome
the subjectivity associated with manual assessment
by capillaroscopists. A total of 1,040 capillaroscopic

examinations from patients in nine Spanish and Co-
lombian hospitals were collected. The total number
of analyzed images was 25,798 and the total num-
ber of capillaries assessed manually was 310,277.
Consensus was achieved in 912 of the 1,040 cases.
Of these, 851 were selected as the “gold standard”
for software analysis after prior manual evaluation
by three experienced capillaroscopists according to
the EULAR criteria for normal, nonspecific, SSc-ear-
ly, SSc-active, and SSc-late patterns. The algorithm
uses quantitative metrics (capillary density [capillar-
ies/mm]; percentage of abnormal capillaries [irreg-
ular morphology]; percentage of giant capillaries;
tortuosity; microhemorrhages). The CAPI-SCORE
is based on the EULAR “fast track” algorithm. The
variables assessed by the software include capillary
density and the percentage of giant capillaries, hem-
orrhages, tortuosities and abnormal capillaries, the
latter defined as ramified, bushy, or coiled capillar-
ies, often originating from a single normal capillary.
The results show an accuracy of approximately 0.88
in distinguishing scleroderma from non-scleroder-
ma patterns; approximately 0.82 in classifying early,
active, and late phases; and approximately 0.73 in
differentiating between “normal” and “non-specific”
patterns. When the analysis was restricted to NVC
examinations for which full consensus among in-
vestigators was achieved, the algorithm’s accuracy
improved. The authors emphasize the need for larg-
er, multicenter cohorts for future validation, as well
as potential integration with machine learning (ML)
methods to further enhance accuracy and clinical
applicability [35].

CAPI-DETECT represents the next step in the
development of automated systems for the study
of capillaroscopic images, facilitating the identifica-
tion and classification of abnormalities [36]. Deep
learning—based software (ML), trained on more than
2,500 manually annotated images, was used and an
algorithm (CAPI-DETECT) was developed to distin-
guish three models: SSc versus non-SSc patterns; a
model for classifying SSc into early, active and late
phases according to Cutolo’s classification and nor-
mal versus non-specific patterns. Capillaroscopic im-
ages were prevalidated by comparing the algorithm’s
predictions with annotations obtained by consensus
of three or more of five trained capillaroscopists on
images from more than 1,000 patients with RP. The
algorithm aims to achieve accuracy comparable to
that of an experienced capillaroscopist and to sup-
port routine clinical practice in determining capillaro-
scopic patterns based on quantitative metrics. Cap-
illaroscopic images were obtained from patients with
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SSc or RP in nine Spanish and U.S. hospitals. A total
of 1,724 capillaroscopic examinations (from patients
with RP or SSc) were randomly and blindly analyzed
by three to four trained capillaroscopists. Capillaros-
copies with partial (1,490) and complete (515) con-
sensus were used to train machine learning—based
classification models using CatBoost software, incor-
porating 24 variables related to capillary architecture
extracted through automated analysis of NVC imag-
es. A total of 298 capillaroscopic examinations (20%
of all cases) were randomly selected as a validation
set (i.e., not used for model training but intended
for assessment of the validity of the final models).
CAPI-DETECT achieves an accuracy of 0.973 for
distinguishing SSc from non-SSc patterns, 0.934 for
differentiating SSc patterns (early, active, and late
phases), and 0.837 for distinguishing normal from
non-specific patterns. The authors also report an im-
provement in the overall accuracy of CAPI-DETECT
compared with CAPI-SCORE, particularly in the
classification of normal versus non-specific patterns.
Gema M. Lledo-Ibafiez et al. [36] indicate that one
of the key advantages of CAPI-DETECT is its ability
to support physicians by saving time and providing
probabilistic and unbiased assessments specific to
each pattern, based on quantitative analysis of cap-
illary structure, shape, size and density. As a limita-
tion, the authors note that model training was based
on subjectively classified capillaroscopic images and
that the clinical significance of nonspecific non-SSc
patterns remains uncertain [36].

Other similar models for the interpretation of
capillaroscopic images using Al based on machine
learning and deep learning have been developed
worldwide.

An international group of authors (Omar Emam
et al. [37]) conducted a literature review aimed at
systematically summarizing all studies that used ar-
tificial intelligence algorithms for the analysis of cap-
illaroscopic images. Several databases (PubMed
[including MEDLINE], EMBASE, CINAHL, and Web
of Science) were searched using keywords such
as “artificial intelligence,” “machine learning,” “deep
learning,” and “nailfold capillaroscopy.” A total of 105
studies were identified, but only 10 were included
and analyzed based on predefined exclusion crite-
ria. In 8 of the 10 studies, supervised deep learning
was the primary methodological approach and the
most frequently investigated disease was systemic
sclerosis (6/10 studies). The datasets varied con-
siderably, ranging from 50 images obtained from 50
participants to 17,126 images from 289 participants.
Only two of the reported algorithms demonstrated

not only diagnostic, but also prognostic value. Al
shows significant potential to support (or automate)
the analysis of nailfold capillaroscopic images by
providing a tool to assist diagnosis and, in some
cases, prognosis. Across all studies, precision and
accuracy improved following prior manual annota-
tion. The authors emphasize that current research is
heterogeneous in terms of study design, sample size
and labeling methodology and that large multicenter
validation studies are lacking and are necessary be-
fore this approach can be routinely implemented in
clinical practice [37].

The largest number of studies have been con-
ducted in the field of rheumatology, particularly in
systemic sclerosis (SSc) [31, 35-39], although some
studies have also reported the application of Al in
the interpretation of capillaroscopic images in pa-
tients with dermatomyositis [40], arterial hyperten-
sion and diabetes mellitus [37], as well as in the field
of dermatology for the diagnosis of nail diseases,
such as onychomycosis, nail psoriasis, subungual
melanoma [28].

Garaiman et al. [31] evaluated the effectiveness
and reliability of a transformer-based deep learning
model for visual recognition (ViT) as an off-the-shelf
solution for identifying specific microangiopath-
ic features in capillaroscopic images from patients
with SSc. The ViT analysis was compared with the
assessments of practicing rheumatologists. The se-
lected evaluation parameters included dilated capil-
laries, giant capillaries, capillary loss, microhemor-
rhages, and the presence of a scleroderma pattern.
A total of 17,126 capillaroscopic images from 234
patients from the EUSTAR cohort and 55 patients
from the VEDOSS cohort were analyzed. The re-
sults demonstrated up to 84.5% accuracy of the Al
model in image interpretation. According to the au-
thors, ViT is a well-performing and easily accessible
tool for assessing microangiopathy patterns on NFC
images and can support rheumatologists. However,
final diagnosis still requires the judgment of an expe-
rienced capillaroscopist [31].

Ebadi Jalal et al. [38] developed and evaluated an
automated deep learning (DL) model for detecting ab-
normal capillaroscopic images using a neural network
(EfficientNet-B0) and cascade transfer learning [38]. A
total of 288 capillaroscopic images were collected from
225 participants at a hospital in Tijuana, Mexico. Three
internists sorted and labeled the images as normal (16
images, 6%) or pathological (272 images, 94%). Only
one image per participant was obtained, taken from a
single finger (the index finger). The base architecture
for the training model was EfficientNet-BO0, pre-trained
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on ImageNet. Cascade transfer learning was applied
— first using domain-specific classes (e.g., dermatomy-
cosis, tortuosity) (Dataset A), followed by fine-tuning
for the target task of normal versus pathological classi-
fication (Dataset B). According to the authors, this cas-
cade transfer learning model achieved “perfect” results
in terms of accuracy, precision, and other performance
metrics, likely due to the small size of the test dataset.
For future research, the authors recommend validation
on larger and more diverse datasets, as well as expan-
sion of the task toward classification of different types
of pathologies rather than only normal versus patho-
logical categories [38].

Lutfi Ozturk et al. [39] investigated how Al
(based on machine learning and deep learning) can
analyze nailfold capillaroscopy images for diagnosis
and classification in systemic sclerosis and related
conditions within the French prospective multicenter
observational SCLEROCAP study. Images from 100
patients with SSc were analyzed. After initial manual
assessment by experienced capillaroscopists, the
images were divided into a training set (70%) and
a validation set (30%). For deep learning, three pre-
trained models from the TIMM library (ResNet-18,
DenseNet-121, and VGG-16) were tested on raw
NC images. With machine learning, performance
ranged from 0.60 to 0.73 for each variable. Using
deep learning, a minimum accuracy of 0.87 was
achieved, with the DenseNet-121 model providing
the best results. The authors recommend validation
of the model in larger cohorts [39].

One study reports the potential of artificial intel-
ligence (Al) to distinguish children with juvenile der-
matomyositis (JDM) from healthy controls based on
the analysis of capillaroscopic images (Kassani et al.
[40]). A total of 1,120 images from 111 children with
active JDM (diagnosed between 1990 and 2020)
and 321 images from 31 healthy controls were used.
A deep learning neural model (NFC-Net) was trained
to discriminate between JDM cases and controls and
to predict disease activity (active versus inactive).
The NFC-Net model demonstrated high performance
in distinguishing JDM from healthy controls, with ac-
curacy = 0.91, sensitivity = 0.85, specificity = 0.90,
precision = 0.95, and AUROC = 0.93. For predicting
disease activity (active vs. inactive), performance was
more moderate (AUROC = 0.75; accuracy = 0.74).
The authors emphasize the need for larger, prospec-
tive and more diverse cohorts to validate the model’s
applicability in clinical practice [40].

A Polish pilot study aimed to validate software
for automated capillary counting and classification of
nailfold capillaroscopy images as “normal” or “patho-

logical.” [41]. A total of 200 capillaroscopic images
were used — 100 from patients with systemic scle-
rosis or scleroderma-spectrum disorders and 100
from healthy individuals (controls). Each image was
manually analyzed and described using dedicated
software. An artificial intelligence model for capillary
classification and counting was applied and vali-
dated through cross-validation. ResNet-34 (a deep
residual neural network) was used for the classifi-
cation task (normal vs. pathological). For the cap-
illary counting task, the YOLOv3/Darknet algorithm
was employed for object detection of capillaries. The
evaluation parameters included sensitivity, specific-
ity, and precision of capillary counting. Results ob-
tained from neural network training were compared
with those from manual analysis. The sensitivity of
the automated tool relative to manual assessment
for classification of normal and pathological images
was 89.0% and specificity was 89.4% in the training
group; during validation, sensitivity and specificity
were 89.0% and 86.9%, respectively. According to
the authors, the software may serve as a useful tool
for rapid classification of normal and altered capil-
laroscopic patterns, regardless of the examiner’s
level of experience. As an additional advantage, the
authors note that the model is not limited to distin-
guishing SSc alone. The ability to rapidly analyze
large numbers of capillaroscopic images and obtain
detailed quantitative results may expand research
into other diseases as well [41].

Bulgaria’s National Health Strategy 2030 also
envisages digital transformation in the healthcare
sector, based on the development of wireless com-
munication networks (4G/5G), cloud technologies,
and the implementation of high-speed optical data
transmission networks [42].

By 2030, the establishment of a National Dig-
ital Platform for Medical Diagnostics is envisaged.
The aim is to encompass digital imaging diagnostics
across all medical specialties and to enable the cre-
ation of a database of digital images and their sec-
ondary processing using validated machine learning
(ML) algorithms, neural networks and other Al-based
methods. This platform will be integrated with the Na-
tional Health Information System (NHIS) and the elec-
tronic patient record. The National Digital Platform for
Medical Diagnostics will be intended for all healthcare
domains, with particular emphasis on oncology, diag-
nostic radiology, pathology and others [42].

CONCLUSION

The application of Al offers novel solutions and
supports the analysis of capillaroscopic images, par-
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ticularly for medical professionals with less experi-
ence in this field. Despite the increasing integration
of Al into medicine, the use of various Al models is
not yet part of routine clinical practice due to limited
and heterogeneous datasets, variability among stud-
ies, small cohort sizes and a predominant focus on
specific patterns and diseases (primarily the “sclero-
derma” pattern and SSc). Currently available algo-
rithms demonstrate high accuracy in distinguishing
SSc (including its subtypes) and scleroderma-like
patterns, although accuracy for differentiating “nor-
mal” versus “nonspecific” patterns remains relatively
lower. The sensitivity and specificity of automated
tools for classifying normal and pathological images
improve significantly when combined with manual
assessment by an experienced capillaroscopist.

In the future, validation of Al models on larger
and more diverse datasets is recommended, along
with expansion of tasks toward classification of dif-
ferent types of pathologies, not only normal versus
pathological. Integration of Al into medical practice
may facilitate early diagnosis, prevent complications
and ensure better quality of life and work capacity for
patients with microangiopathy.
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