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Abstract

Nailfold capillaroscopy (NC) is a valuable method for observing micro blood vessel
characteristics and is particularly useful for early detection of scleroderma spectrum dis-
orders and evaluation of Raynaud’s phenomenon. Diagnosis involves the recognition of
early, active and late patterns, also known as NC patterns or scleroderma (SD) patterns,
in the captured NC images/image sequences. NC assessment is typically performed by
manual inspection, which is subjective, requires extensive experience, and is a time con-
suming task. Computerised automation can help to address these problems, yet relatively
little work is reported in the literature on such approaches. In this paper, we present a re-
view of work in computerised nailfold capillaroscopy. We discuss semi-automatic, image
and video based NC techniques, and in particular image enhancement methods, capillary
extraction algorithms and parameter measurement methods.

1 Introduction
Nailfold capillaroscopy (NC) is a non-invasive imaging technique employed to assess the
condition and morphology of capillaries in the nailfold. It is recognised as a reliable method
for observing micro blood vessel characteristics and as a standard method for diagnosing dis-
eases such as systemic sclerosis (SSc) [12], Raynaud’s phenomenon [5], and other connec-
tive tissue diseases such as dermatomyositis, antiphospholipid syndrome [7], and Sjögren’s
syndrome [30] which lead to morphological alterations of capillaries. Specific NC patterns
in SSc have been described in [21], and were later refined into early, active and late patterns
in [4].

Nailfold capillaroscopy is performed by observing capillaries in the nailfold area under a
microscope. A digital camera attached to the microscope enables the capillaries to be viewed
and recorded. Morphological features that are indicative in NC images include enlarged and
giant capillaries, haemorrhages (microbleeding), loss of capillaries, disorganisation of the
vascular array, and ramified/bushy capillaries [6].

NC assessment is typically performed by manual inspection, which is subjective, requires
extensive experience, and is a time consuming task. Even for manual measurement of capil-
laroscopy parameters, there is a demand for better image quality. For example, a projection
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method for measuring capillaroscopic parameters was proposed in [18], where (negatives of)
capillary images were projected on tracing paper at 120x magnification for manual tracing
of the capillary outlines.

An accurate extraction of capillary information from the images becomes challenging
due to image noise, dust on lenses, micro-motion of fingers and air bubbles in the immersion
oil. Maybe because of these difficulties, relatively little work has been reported on comput-
erised NC image analysis.

Computerised NC techniques should help to address some of these issues. The employed
algorithms generally involve image enhancement, capillary extraction and capillary parame-
ter measurements. In the remainder of the paper, we discuss these steps for semi-automatic,
image based and video based approaches.

2 Nailfold Capillaroscopy

Capillaroscopy is an established technique to investigate micro-vascular involvement in var-
ious diseases. Examination of capillaries for finding a relation between conjunctival inflam-
mation and the presence of an inextricable knot of capillary loops was noted by Italian physi-
cian Giovanni Rasori around 200 years ago using a magnifying glass [5]. In 1911, Lombard
discovered that human skin capillaries can be observed using a microscope after the applica-
tion of a drop of immersion oil. Further to this, Weiss in 1916, was able to take a picture of
capillaries using a primordial camera. In 1925, Brown and O’Leary have shown the use of
capillaroscopy for observing capillary abnormalities in Raynaud’s phenomenon (RP) charac-
terised by Systemic Sclerosis (SSc). Nevertheless, capillaroscopy was then mostly neglected
for several decades until, in 1973, Maricq and LeRoy published the first paper describing
specific capillaroscopic patterns in SSc [21].

Following this, in a resurge of interest, various works on capillaroscopic patterns, em-
phasising mainly the relations between capillary patterns and particular diseases, were pub-
lished. At the same time, capillaroscopic image acquisition techniques and protocols im-
proved significantly. For acclimatisation, the subject is typically kept in the procedure room
for a minimum of 15 minutes, and the room temperature kept between 20 and 22◦C. The
nailfolds of several fingers are examined, and a drop of immersion oil used to improve the
image resolution [6]. Observation can be conducted using various instruments including
ophthalmoscopes, stereomicroscopes, photomicrography and video-capillaroscopy systems.
Dermoscopic instruments have also been used successfully for NC evaluation [14], however
the produced images are of lower contrast.

Morphological anomalies of nailfold capillaries are indicators of an underlying connec-
tive tissue disease or a scleroderma spectrum disorder. In [3], the need for capillaroscopy
in rheumatology for diagnosis of diseases is discussed. There are various situations where
capillaroscopy can prove to be effective and useful, including:

• First-line examination of patients with RP: in RP patients, even a single morphological
abnormality may alert the physician to the possibility of secondary RP.

• Transition from primary RP to secondary RP: it is suggested that patients with primary
RP undergo capillaroscopic analysis every 6 months to detect a possible transition to
secondary RP to early SSc [19].

• Differential diagnosis of scleroderma related conditions: (a) SSc, dermatomyositis and
mixed connective tissue diseases; (b) primary Sjögren’s syndrome.
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Figure 1: Sample SD patterns: (a) healthy patient, (b) early, (c) active, (d) late SD pattern.

• Early detection of severe microangiopathy in SSc, which can lead to digital ulceration
and necrosis.

• Therapy monitoring: visualisation of a single loop image can be helpful for therapy
monitoring.

• Assessment of microvascular involvement in other autoimmune rheumatic disorders:
systemic lupus erythematosus, psoriatic plaques.

Diagnosis of the above conditions is carried out by evaluating capillary morphology. In
healthy subjects, the observed pattern can be characterised by [12]:

• cutaneous capillaries at the nailfold are parallel to the skin surface, and their general
configuration is hairpin or u-shaped;

• uniform distribution of capillaries, although isolated morphological abnormalities may
be present;

• the number of capillaries in the distal row is 9 to 13 capillaries per mm;
• the diameter of the erythrocyte column ranges between 6.2 and 19 µm at the arteriolar

limb and between 8 and 20 µm at the venular limb;
and remain unchanged for many years.

The most important disease encountered underlying RP is systemic sclerosis (SSc) or
scleroderma. SSc is characterised by progressive skin and visceral organ fibrosis. Early diag-
nosis of scleroderma is only possible by examination of nailfold capillaries [3]. Researchers
have observed that 90% of patients with scleroderma show a typical NC pattern called scle-
roderma pattern or SD pattern. However, similar patterns are also observed in other closely
related disorders such as dermatomyositis, and mixed connective tissue diseases. Typical SD
patterns show enlargement of capillary loops, loss of capillaries, disruption of the capillary
bed and distortion and budding of capillaries.

The degree of these abnormalities gives an indication of the severity and progression of
diseases, and allows the classification into three SD patterns [4]:

• Early: few giant capillaries, few capillary haemorrhages, relatively well preserved
capillary distribution, no evident loss of capillaries.

• Active: frequent giant capillaries, frequent capillary haemorrhages, moderate loss of
capillaries with some avascular areas, mild disorganisation of the capillary architec-
ture, absent or some ramified capillaries.

• Late: irregular enlargement of the capillaries, few or absent giant capillaries, absence
of haemorrhages, severe loss of capillaries with large avascular areas, severe disorgan-
isation of the normal capillary array, frequent ramified/bushy capillaries.

These patterns are also used as reference patterns to evaluate other rheumatic diseases.
An SD capillary pattern is often present in dermatositis/polymyositis. Also, the presence of a
scleroderma capillary pattern among patients with Raynaud’s syndrome and undifferentiated
connective tissue disease is observed [23]. An abnormality in capillary length, capillary
width, and apical length and width is significant in patients who developed SSc.
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3 Semi-automatic NC analysis
Earlier NC automation systems required user interaction, with the majority of proposed
semi-automatic algorithms being dedicated to image enhancement and capillary extraction.
In [29], low contrast in NC images is addressed by producing a hand drawing, which is per-
formed using a magnifying projector and measurements are conducted in an area of 3× 3
mm, centred with respect to the midpoint of the hand-drawing. The Leitz Quantimet 570 c
image analysis system was used for image evaluation.

Clearly, drawing/tracing is a time consuming task and dependent on the individual’s skill.
In [17], an image processing application (Adobe Photoshop) was used for colour filtering and
grid display to measure lengths and other capillary parameters. Photoshop can also be used
for image enhancement but was not suitable for the automatic capillary parameter extraction.

In [22], an NC image is filtered by a low pass filter and subtracted from the original
image to remove lightning variations. Then, a threshold is applied to obtain a binary image
of capillaries and connectivity analysis is performed to reduce the noise in the image. Based
on a user defined region of interest, measurements are then taken for capillaries inside the
selected area. The employed image enhancement was found to be able to minimise various
types of noise present in the images. It was observed that computer aided analysis had
low inter-observer variability and provided a quantitative and sensitive method of assessing
capillary abnormalities.

In [15], captured NC images are enhanced by a simple transform where image contrast
is stretched based on the minimum and maximum intensity values. The user defines several
regions of interest (ROIs) which are then digitally magnified using interpolation. After pre-
processing, each ROI is marked as capillary or non-capillary by the user. Finally, gradient
information is used for capillary edge detection and a skeleton is extracted to measure the
various capillary parameters. This skeleton is divided into the venous limb, transitional
segment (loop of capillary) and arterial limb. Tortuosity is calculated as the ratio of skeleton
length to the shortest distance between the skeleton end points. Local limb diameters for
various points across the skeleton are calculated, and a final limb diameter is reported as the
average over these.

More recently, a semi-automatic method for capillary vessel tracking was suggested that
makes use of a non-directional graph technique for capillary extraction [27]. First, a point
on the capillary is located manually, and then the algorithm seeks for neighbouring points,
until the whole vessel is extracted. One seed point per capillary is taken as an input for graph
construction, although it is possible to select more than one point per capillary. For each
point, model identification is performed and based on the selected model a set of neighbour
vertices generated.

4 NC image analysis
In general, image based algorithms are focussed on image enhancement, capillary extraction
and capillary parameter measurement. An edge preserving smoothing and contrast enhanc-
ing filter was shown to be suitable for subsequent image analysis algorithms in [8] where
various filters were applied on NC images and their edge preserving and noise removing
ability were examined. In [11], bilateral filter and enhancer algorithms were found to lead
to better NC image quality compared to various other techniques. Nevertheless, even the
best techniques were found to be insufficient to deal with very poor quality images and with
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motion artefacts.
Image enhancement is typically followed by capillary extraction which is important for

measuring of capillary size and characterising its shape. Region growing based on pre-
defined conditions is widely used for this purpose. A set of conditions is checked for neigh-
bouring pixels and those neighbours that meet the conditions included in the capillary region.
Often, prior to capillary extraction, the image is binarised using thresholding and the bina-
rised images analysed in an iterative skeletonisation procedure [31, 32].

The results depend on the binarisation quality and are confounded by noise and image
quality. A Markov chain based edge detector may lead to improved performance as was
suggested in [13] where the authors argued that classical edge detectors are insufficient as
intensity changes continuously perpendicular to the capillaries. Consequently, a second order
derivative and the relation between pixel locations is used to search for the centre line of
vessels.

In [10], following image enhancement using bilateral enhancer, and prior to a capillary
skeleton extraction algorithm, the image is processed by a difference of Gaussian filter (DoG)
which addresses the problem of varying illumination and non-uniform background.

After extraction, capillary parameters are measured in a final step. A very simple ap-
proach for thickness analysis is to directly measure the thickness from the image [31, 32].
After vessel skeletonisation, the distance from the border to the median is used to evalu-
ate enlarged or giant capillaries. A somewhat more complex approach is described in [24].
Here, for each point of the skeleton image, thickness and curvature are calculated. Thickness
estimation is performed in pixel units whereas arc-chord ratio is used for curvature estima-
tion. A feature vector for the purpose of classification is created from the data obtained by
capillary analysis. An extension to thickness analysis is proposed in [16], where a cuticular
class is developed to consider the length and width of capillaries. The area is determined
by calculating the number of pixels contained within the capillary, while capillary length is
calculated by segmenting the image from base to tip and then counting the segments. The
mean capillary width is then calculated by the ratio of area and length.

Tortuosity analysis is carried out on whole vessels and not on the single curves connected
to each other, and describes how twisted a capillary is, how many turns it has etc. A simple
approach is presented in [16], where the change in gradient over a limb is considered to
calculate the tortuosity. If the tortuosity angle is greater than a threshold, then the capillary
is classified as tortuous. A more complex method for tortuosity measurement of nailfold
capillaries is proposed in [26] and returns a single numerical value which represents the
tortuosity of a vessel. Non-directed and directed graph analysis, curvature sign calculation
and arch-cord ratio is employed to derive the tortuosity index.

An approach for avascular area detection in NC images is presented in [25]. Histogram
analysis and classification techniques are employed, and after enhancement each image is
cut into horizontal slices of constant width. Vertical projection is then used for each slice
of an image; since capillaries appear dark in the image, local minima in the projection are
considered the capillary centre and this centre is used to find local maxima.

In all of the above approaches, individual capillaries are extracted and analysed. In [24,
31, 32], a classifier is used to characterise capillaries based on their properties. The parame-
ters for all capillaries in the image are then considered to classify image into control, early,
active or late groups.

In [9, 28], a holistic approach NC pattern identification is suggested. It is shown that,
using global texture analysis and with appropriate training of a classifier, SD patterns can be
recognised without having to extract individual capillaries.
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5 NC video analysis

Video NC can overcome motion artefacts and poor contrast of NC images. In [22], an en-
hancement algorithm and the use of lens filters as auxiliary filtering device are proposed.
Initially, 100 frames are averaged, filtered with a low pass filter and the filtered image then
subtracted from its original to remove lightning heterogeneity. To correct motion artefacts, a
linear feature detector is employed coupled with a Hough transform [2]. Here, the linear fea-
ture detector gives a skeletal image which is processed by the Hough transform to calculate
the transformation between two points in successive images.

Averaging of images is one of the main approaches suggested for noise suppression and
estimation of motion artefacts. Supplementary to this, averaging is also useful to address
the problem of temporal variability in capillaroscopic images [1]. At single snapshots, trans-
parent capillaries may look incomplete due to gaps in the flow of blood cells. Hence, the
complete vessel can be integrated from a sequence of successive video frames. It is observed
that combining the information from a video frame sequence by subtracting a multiple of the
standard deviation from the mean value for each pixel gives good results.

More recently, a local histogram equalisation and thresholding based approach for video
capillaroscopy is suggested in [20]. The green channel is processed by local and global
histogram equalisation methods in order to enhance the contrast between background and
capillaries. Thresholding is then performed on both globally equalised and locally equalised
images to produce a binary image that separates capillaries from the background. Globally
thresholded images preserve the major non-capillary area while local thresholding allows
for precise segmentation of capillaries. These images are then combined, while information
from multiple frames is combined to build a final binary image. A morphological (erosion-
based) algorithm is iteratively applied to thin the capillaries and extract their skeletons.

6 Conclusions

Nailfold capillaroscopy is a useful tool for the evaluation of scleroderma, Raynaud’s phe-
nomenon and other rheumatic diseases which lead to changes in capillary shape, organisation
and density. In this paper, we have summarised the literature on computer algorithms which
are used for NC image analysis. In general, NC automation algorithms start with an image
enhancement procedure followed by capillary extraction and parameter measurement. The
extraction step involves a skeletonisation algorithm or walking algorithm to extract capillar-
ies. Video based NC can give better image quality by exploiting temporal information and
redundancy for subsequent image analysis. Capillary length, tortuosity, thickness and avas-
cular area measurements are employed for identifying scleroderma patterns in NC images.
With recent development in computer algorithms, user interaction is not required for NC
image analysis and algorithms are able to overcome noise and contrast related issues. Fur-
thermore, automation of parameter measurement may reduce errors in diagnosis. The field
of NC image analysis is a relatively young one, and consequently there is still much scope
for further research. In particular, more robust algorithms are required which are capable of
coping with the large range of image quality encountered in nailfold capillaroscopy.
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