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Abstract

Over the years, nail-fold capillaroscopy has emerged as a safe, non-
invasive, and accurate technique that can be used in determining the
characteristics and the morphology of the blood capillaries near the
nail-fold area. Various scholars have proved the connection between
the morphology of the blood capillaries and the risks of rheumatic dis-
eases such as the System Sclerosis. While nail-fold capillaroscopy has
been in practice since the early 1970s, assessment of blood capillaries
is still mainly performed using visual examination by medical officers.
Thus, the objective of this study is to design an automated image pro-
cessing system which will ease the diagnostic process by providing the
doctors with more information on the state of the capillaries. This way
the system will, in the long run, help in reducing diagnostic ambigu-
ity and also in creating more concise and realizable results. For this
thesis, the processing system was developed using the Matlab envi-
ronment due to its ability to automate the entire imaging process, its
ability to distinguish the characteristics, and the consequent evalua-
tion of the associated features of the capillaries such as the capillary
length and width.
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Chapter 1

Introduction

1.1 Motivation and Objectives

Over the past few decades there has been a significant increase in the
frequency of autoimmune diseases [8]. Unfortunately, these diseases
are extremely difficult to diagnose due to the overlapping of the symp-
toms with other diseases as well as the fact that they can affect different
parts of the body. According to a survey conducted by the American
Autoimmune Related Diseases Association (AARDA), it can take up to
4.6 years and 5 different physician visits before a patient receives a
proper autoimmune disease diagnosis [9]. However, in the case of a
disease, early diagnosis and treatment can play a critical role in the
success of a treatment and offer more chances of longer survival. This
highlights the need for more specialised diagnostic techniques that
can aid the doctors during a diagnostic procedure by providing more
data and thus more insight into a patient’s health condition.

One of the most promising techniques for this purpose is nailfold cap-
illaroscopy. The capillaroscopic technique is aptly named; it is the
imaging of the capillaries located in the nail-fold bed. Some of the
main advantages of this method are the fact that it is portable, simple
to use and of low cost. Most importantly though, it has the potential
to offer highly accurate results in rheumatic autoimmune diseases as
it enables the imaging of micro-vascular structures of the skin and of
the microcirculation. Nowadays, capillaroscopy is most used by physi-
cians in order to evaluate patients suffering from Systemic Sclerosis
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(SSc) or the Raynaud’s phenomenon. As SSc has high morbidity and
mortality rates, a lot of research has been dedicated to improving the
methods and techniques that allow early detection, including nail-fold
capillaroscopy.

The evaluation of the capillaroscopic images is one of the most im-
portant steps in the diagnostic procedure. Heretofore, the process of
assessing the images was predominantly based on the visual observa-
tion of well-trained doctors. As a result, it has been very difficult to
establish standardisation in the measured parameters. This has led
to the use of different qualitative and semi-qualitative methods in var-
ious capillaroscopic studies. But as these methods are very difficult to
interpret correctly and to compare against other cases there has also
been a limited use of quantitative methods. However, the rapid ad-
vancement of technology in recent years has enabled the digitisation
of the images acquired during the capillaroscopy examination. Fur-
thermore, these images are of higher definition and thus, it is possible
to process them digitally using cutting edge software tools that can
extract more information and data from the images in a very short
amount of time.

The topic of this thesis is the digital processing of images obtained
by the nailfold capillaroscopy technique in order to accurately mea-
sure the structural features of the capillaries and to analyse as well
as quantify, capillary abnormalities. This way, a doctor will have more
quantitative measurements at their disposal to rely on, in order to
evaluate a patient’s state of health. In addition, the time required by
the doctor to determine a diagnosis will be significantly reduced.

1.2 The Nail-fold Capillaroscopic Technique

Nailfold capillaroscopy is a diagnostic imaging technique for the cap-
illaries and the microcirculation of an individual and it can be applied
on numerous areas on a person’s the skin. The most frequent places
chosen for this imaging technique are the patient’s limbs and, in par-
ticular, the nailfold area. The reason behind this is that the access to
those areas is much easier compared to the ones of the retina and the
inside of the lip. In addition to that, the area of the nail-fold is well

8
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defined as opposed to the other ones. Furthermore, the extent of the
distortion of the capillaries located in the nail-fold area can not only
indicate the severity of the disease in the microcirculation of a patient,
but also its progression on vital organs. Additionally, there have been
many recent studies indicating that further analysis of the capillaries’
characteristics located in the nailfold could lead to the early prognosis
of cardiovascular problems [10].

Nailfold capillaroscopy was first introduced more than 400 years ago
when Johan Christophorous Kolhaus used a primitive form of a micro-
scope in order to observe the capillaries located in the nail-fold. After
that, a number of renowned scientists and physicians started working
on proving an association between the structure of the capillaries and
the existence of an underlying disease. Physiologist Johann Evangelist
Purkinje, physician Giovanni Rasori and surgeon Carl Hueter are only
a few of the scientists that laid the foundations for the study of micro-
circulation. However, it was in 1973 with the groundbreaking work of
Hildegard Maricq and Carwile LeRoy, that nail-fold capillaroscopy was
put on the spotlight and piqued the interest of the research commu-
nity. These two scientists were the first to describe and publish two
typical capillaroscopic patterns for SSc, the slow pattern and the ac-
tive pattern. Thirty years after their publication, capillaroscopy is now
officially considered both an essential and a mandatory diagnostic tool
for the classification of SSc by the European League Against Rheuma-
tism (EULAR) and the American College of Rheumatology (ACR) guide-
lines.
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1.2.1 Capillaroscopy Devices

Figure 1.1: Devices that can be used for the nailfold capillaroscopy examination:
(A)Stereo-microscope (B)Dermatoscope (C) Videocapillarosope

In general, there are three main device categories that can be used to
obtain an image of the capillaries:

e Stereo-microscope: This particular device is the one most fre-
quently used, because it is easy to use. Its main disadvantage
is that it has low magnification capacity that ranges between 10
and 50 times and, as a result, the obtained images have low qual-
ity.

e Ophthalmoscope and Dermatoscope: The use of these devices
was originally not intended for the capillaroscopy examination,
however they can be used in the absence of a better alternative.
These two devices have low magnification capacity that ranges
between 10 and 20 times and therefore the obtained images have
low quality.

e Videocapillaroscope: This particular device was designed exclu-
sively for the examination of capillaroscopy and therefore is equipped
with several different lenses with high magnification capacity that
ranges between 100 and 600 times as well as a digital camera.
This way the obtained images are of high quality which we can
process digitally using special software tools.

10
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1.2.2 Examination procedure

When a patient visits a doctor’s office in order to have the capillaro-
scopic examination, the first thing they have to do is relax and remain
in a calm state for approximately 20 minutes before the imaging in
order for their capillaries to return to their normal state. Otherwise
the results of the capillaroscopy may contain inaccuracies. This is
because of the role that the skin plays in the thermoregulation of the
human body which can lead to vasodilation or vasoconstriction of the
capillaries. After the 20 minutes have passed, the patient enters the
examination room, sits on a chair and rests their hands on a table at
chest height. In order to complete the capillaroscopic technique, the
nailfold microvascular bed of the 2nd, the 3rd, the 4th and the 5th
nail of each hand will be examined. The only exception is when a nail
presents an active infection or a wound. Usually the 4th and the 5th
fingers offer better imaging as their subpapillary venous plexus has
better visibility.

At the start of the examination, a drop of immersion oil is placed on
the patient’s nails to improve the quality of the image by creating a
smooth surface on top of the nail. Afterwards, the Videocapillaro-
scope is placed sequentially above each nail and an image is obtained.
During this procedure the doctor has to be careful not to apply any
pressure on the fingers as it could interfere with the results. To com-
plete the capillaroscopic examination, 4 photos are obtained for each
nail, 32 images in total for every patient. Subsequently, the doctor has
to evaluate each image separately in order to make a correct diagno-
sis.

1.2.3 Image evaluation process

To this day, in order for a doctor to evaluate a capillaroscopic image,
a series of measurements have to be obtained based on the visual ob-
servation of the image and, usually, with the assistance of a software
tool. Firstly, the doctor will count the number of capillaries that lay
within a 1mm length of the distal row of each finger. Usually, the way
that capillaries are counted is by placing the cursor over the capillary
and selecting it. Then, the size of each capillary is measured in search

11
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for giant capillaries that usually indicate the existence of an underly-
ing disease. The distance between two points of interest can also be
measured by a doctor by selecting them with his cursor. Finally, the
doctor will examine the image for microhaemorrhages or twisted cap-
illaries. Based on the results of all the aforementioned examinations,
the doctor can decide on the state of health of a patient and provide a
correct diagnosis.

1.2.4 Application Requirements

The quality of the images obtained during the capillaroscopic proce-
dure plays a critical role in the performance of the suggested method.
In order for the algorithm to work, the images must contain as little
as possible reflective areas and air bubbles which are usually caused
by the vegetable oil placed on the patient’s fingers. Furthermore, the
higher the magnification factor used during the imaging, the better the
results tend to be. That is because thin objects are very challenging
to detect, so by using higher magnification the vessels appear thicker
in the image. Finally, it is important to note that the presence of mi-
crobleedings might interfere with the final results as they tend to be
identified as capillaries since their shape and size is very similar to
that of the capillaries.

1.3 Thesis innovation

As the medical imaging field embraces new applications of computer
science, digital image processing can produce innovative analysis meth-
ods which can have a huge impact on the medical field. The present
thesis aims to contribute in the further development of the field by
adding a fully automated system which will process images obtained
from the capillaroscopic technique, to the evergrowing list of computer
applications in the medical field. In particular, one of the innovations
of the thesis is the presentation of a new pre-processing approach for
the capillaroscopic images. However, the most important aspect of the
thesis is that each image is evaluated in a two level approach. That
is, a feature vector is extracted from the image as a whole as well

12
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as for each capillary individually. This gives us the opportunity to
calculate new features and extract more information for every image
processed.

1.4 Outline of thesis

The present thesis is divided in 7 chapters. Chapter 1 of the thesis
is a brief introduction to the basic background information about NC
techniques. Chapter 2 provides the necessary biological background
regarding the anatomy and physiology of the normal capillaries as well
as the expected deviations associated with some of the most common
rheumatological diseases. Chapter 3 presents the literature review
on current research conducted on extracting capillary characteristics
from capillaroscopic images. Chapter 4 provides a technical back-
ground of the methods used in our proposal. In Chapter 5 we present
an algorithmic pipeline for the evaluation of capillaroscopy images.
In Chapter 6 are described some application examples and their final
results. Lastly, Chapter 7 includes our conclusions and discussion
alongside with a proposal for future work.
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Chapter 2

Biological Background

2.1 Physiology of capillaries

Nailfold capillaroscopy, as the name implies, is an imaging technique
for the capillaries located in the nail-fold area. Capillaries, are the
smallest blood vessels of the body. They are only one cell thick, thus
allowing only one red blood cell to pass at a time [11]. The capillaries
of a human, form a dense and complex network of "loops" (U-shaped
structures commonly compared to hairpins), with an afferent (arte-
rial) and a draining (venous) limb connected by an apex (an apical
loop). The capillaries play a vital role in the diffusion of gasses and
the movement of substrates and non-essential by-products of cellu-
lar respiration. The density of the capillaries is an especially impor-
tant parameter as it determines the total surface area available for
exchange across capillaries as well as the maximum distance between
a cell and blood, and thus diffusion time. The capillary density and
length are two particularly crucial factors that contribute significantly
to the total resistance of the capillary bed which affects the blood flow
inside the body. Variations in capillary blood flow or pressure may
influence the transcapillary exchange processes, the results of which
could vary depending on the extent of the disruption. Capillaries are
also a key factor in preserving tissue fluid homeostasis. This is very
important as homeostasis ensures the proper function of the cells of
the body, as it provides them with all the necessary materials such as
glucose and oxygen. Homeostasis is regulated by the four Starling’s
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forces: hydrostatic pressure in the capillary, hydrostatic pressure in
the interstitium, oncotic pressure in the capillary and oncotic pres-
sure in the interstitium. Out of the four, the hydrostatic pressure is
the most variable one. Slight changes in the capillary pressure can
lead to major effects in the transcapillary fluid exchange and thus in
homeostasis [12].

Most of the skin blood vessels originate from deeper lying muscles and
subcutaneous fat and go straight through the fascia into the dermis.
In the dermis, there are two major categories of vessels: the ones ly-
ing deeper in the hypodermis- which form the quarter plexus- and
the more superficial ones that connect with the subpapillary plexus
and are located 1-2 mm below the surface of the skin. The superfi-
cial vessels are a lot thinner, usually their size ranges from 10 to 35
um, compared to the ones laying in the hypodermis, whose size ranges
40-50 um. Each vessel in the quarter plexus, branches off into an ar-
teriole which supplies blood to the subpapillary plexus and from these
arise the capillary loops of the dermal papillae. The capillaries then
drain into a venule which connects with the original blood vessel.
Unfortunately, the access to the vascular bed is difficult, making the
examination of the capillaries extremely limited. Additionally there are
very few techniques available that can be used for this type of exami-
nation. One of the reasons is the fact that there was a misconception
about the ability to calculate the blood flow pressure as well as the
mechanisms of the capillaries by extrapolating data from larger ves-
sels of the body. However, after a lot of research tested on animals, this
theory was refuted. Thus, there is no alternative but to investigate the
capillary structure and functionality directly on the capillaries. Most
of the research has been carried out on capillaries of the retina, lip
and skin with the vast majority focusing on capillaries located in the
nail-fold as the access to these areas is relatively easier.

2.1.1 Aging and site effects on the capillaric anatomy

Histological studies performed on human epidermis have shown that
the anatomy of the blood vessels and in particular, the anatomy of the
capillaries varies on different areas of the body. In most areas of the
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body, the loops are perpendicular to the skin surface, so only the top,
which connects the two limbs, is visible and has a crescent shape. The
main advantage of the capillaries located in the toe and finger nailfold
is that the capillary loops lie parallel to the surface of the skin, which
allows imaging along their entire length. For the sake of accuracy, we
are not able to visualise the capillaries themselves, as their thin walls
are essentially transparent, but instead we visualise the column of red
blood cells that moves inside them.

. .‘ L

\
\ © Nail hed
] 0 Mail plate

y @ Lateral nailfold
o Lunula
0 Cuticle/eponyehium
@ Proximal nailfold

Figure 2.1: Illustration of nailfold anatomy.

The capillaric density also varies in different areas of skin. Addition-
ally, the density is also affected by the patient’s age. That is because
angiogenesis, the body’s ability to create new microvascular struc-
tures, is severely impaired by ageing. As a result, as a person ages,
their capillaric density decreases. Aging can also affect the capillaric
length and can cause disorganisation of the nailfold bed geometry. Fi-
nally, another important parameter that we should take into consider-
ation when performing the capillaroscopic examination is the visibility
of the subpapillary venous plexus. Usually the visibility is better on
children and Caucasian people.
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2.2 Measuring capillaric structural character-
istics

After extensive research on capillaric structure, clinicians were able to
associate changes in structural elements with underlying connective
tissue diseases. So, when evaluating a capillaroscopic image, some
of the features of interest are the following: the capillaric density,
width, capillaric length, arterial limb diameter, venous limb diameter,
its width variations as well as the capillary distribution which is af-
fected by the capillaric orientation [4].

The height and width of the capillaries can be used as primitive indi-
cators of the health condition of an individual. For example, a person
with elongated capillaries usually suffers from hypertension and arte-
riosclerosis. On the contrary, the presence of shorter capillaries in the
capillaroscopic images of a person often points to cardiac insufficiency.
Some of the structural elements of interest are annotated in the schematic
drawing of the front part of a nailfold capillary loop bellow.

Capillary width

I
|
I
I
:
|
Loop diameter---- k-
|

Apex width - - - -t

Internal diameter----1+

Venous limb---- il

Arterial limb- - -z

e

Figure 2.2: Schematic drawing of the front part of a nailfold capillary [4].

Bload flow
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Capillary Width

In order to measure any capillaric feature, first it has to be strictly
defined. Unfortunately, the capillary width has been a very contro-
versial parameter, as there is no general consensus towards its defi-
nition, therefore causing a lot of disagreement on the topic. However,
most of the researches are in favour of the definition of the width of
the capillary as the width of the loop at its widest section. Some other
names that came up in the literature that also describe capillary width
are: "loop width", "maximum loop width", "total width","total calibre of
loop","capillary loop amplitude","total capillary width" and "external
diameter".

Because of this difference of opinion amongst scientists it has also
been also very difficult to set the limits in which a capillary’s width is
considered normal as well as when it should be considered deformed.
Based on the definition mentioned above, in adults, the upper limit
for a capillary to be considered healthy ranges from 25 to 50 um. Ad-
ditionally, most of the researchers choose Maricq’s work [13] as their
reference point, which defines capillary enlargement as a 4- to 10-fold
increase of the capillary size.

Capillary width R e "y e ——

Venous limb W £

Figure 2.3: Enlarged Capillary Loops: A)normal capillary loop B) enlarged capillary
loop C) enlarged efferent capillary loop D) enlarged apical capillary loop and E) giant
capillary loop [4]

Capillary Length

We define length of the capillary as the distance between the apex of
a capillary loop to the point where the limbs of the capillary loop are
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no longer visible. Some other commonly used terms in the bibliogra-
phy used to describe capillary length are: “loop length” and “capillary
height”. For a healthy person, the capillaries of their identical fingers
in their right and left hand have usually very similar lengths, with
the exception of an injured finger or one with an active infection. The
capillaries whose length is up to 300 um are considered healthy while
those whose length is more than 300 um are described as elongated. A
prime example of the importance of capillaric length is the fact that in
the capillaroscopic images from patients suffering from diabetes, the
capillaries are usually shorter, sometimes up to only 10 um long.

Capillary Density

The density of the capillaries has been strongly associated with the
existence of an underlying connective tissue disease, thus making it
one of the most important features that must be calculated in a cap-
illaroscopic image. The bibliography defines capillaric density as the
number of capillaries in a 1 mm length of the distal row of each finger
or toe. Often, capillaric density is also referred to as the “number of
capillaries” and “capillaries number”. Usually a healthy adult has a
capillaric density ranging from 7.3 to 10.3, while children have a lower
capillary density, ranging from 5 to 7.3.

Capillary Limbs Width

The two limbs of a capillary have different roles in the microcirculation,
and so their structures have some important differences. The arterial
limb, or afferent branch, is responsible for transporting blood rich
in oxygen to the epidermal cells. On the other hand, the efferent
branch, or the venous limb, is responsible for transporting blood low in
oxygen and high in waste products back to the heart for reoxygenation.
Similarly to the capillary, the arterial limb width and venous limb width
are defined as the diameter of the arterial and venous limbs at their
widest sections. Other commonly used terms to describe the arterial
and venous limb width are: “afferent limb width” and “eflerent limb
width” respectively. The capillary of a healthy individual has a less
wide arterial limb than a venous one. The venous limb can even be
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up to 1.5 times as wide as the arterial limb. For a healthy individual,
the arterial width ranges between 7 and 17 um while the venous width
ranges from 11-20 um.

Capillary Distribution

Normally, when examining the capillaroscopic images of a healthy indi-
vidual it is obvious that the capillaries are distributed homogeneously
throughout the nailfold bed. They also lie parallel and very close to
each other in order to supply blood to every single epidermal cell. This
capillaroscopic pattern is referred to as regular capillary distribution
and it is also observed in children. Should the capillaries not lie in
parallel or overlap with each other, then this capillaroscopic pattern
is referred to as capillary disorganisation or disorganised architec-
ture.

Capillary Orientation

In order to better define capillary disorganisation we use two param-
eters to describe every capillary: capillary direction and capillary po-
larity. We define capillary direction as the angle between a vertical
line and the vector associated with the highest proper value. Respec-
tively, we define capillary polarity as the standard deviation from a
main direction of all the capillary directions in an image.

2.3 Capillaroscopic patterns

2.3.1 Normal capillaroscopic pattern

For a healthy person a typical capillaroscopic image has the following
characteristics: similar capillaries in regard to size, shape and colour.
Furthermore, the capillaries lie parallel to each other and transversely
across the nailfold bed. However, it is quite common for the capillaries
to have morphological variations, for example to be twisted or overlap
with another capillary. Additionally we expect to have a normal cap-
illary density, which is obtained by counting the number of loops in
one millimetre. Usually normal capillary density ranges from 7 to 12
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capillaries, averaging 9 % . As fingers are very susceptible to
trauma, it is completely normal to notice presence of a small num-
ber of capillary dilations and areas of devascularisation. Furthermore,
we can also expect to find areas with micro-bleeding if the trauma is
recent. In general, when examining a capillaroscopic image, it is espe-
cially important to remember that there is great variation in the shape
and size of the capillary loops of healthy people, and even among the
fingers of the same person.

Figure 2.4: Images of capillaroscopy with a normal capillaroscopic pattern (A) and
with SD pattern (B)

Scleroderma pattern

The Scleroderma pattern was first described by Maricq et al. in
1981 and it was revised in 2004. The typical pattern observed in cap-
illaroscopic images includes the presence of dilated or giant capillaries,
a reduced number of capillary loops and avascular areas, microhaem-
orrhages and neoangiogenesis.

After its revision, the scleroderma pattern was divided into three sub-
divisions: the "early" pattern, the "active" pattern and the "late" pat-
tern. The "early" pattern is characterised by micro-haemorrhages and
dilated capillaries while the capillary homogeneous distribution is still
preserved. In the "active" pattern there is a presence of giant capillaries
and micro-bleedings as well as a distortion of the capillary architec-
ture. Finally, in the "late" pattern, there are very few giant capillaries
as there is severe loss of capillaries. The presence of neoangiogenesis
is visible as well as large avascular areas.
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The Scleroderma pattern is found in 80-90% of patients suffering from
Systemic Sclerosis but it can also be found in other autoimmune
rheumatic diseases or in mixed connective tissue diseases. The iden-
tification of the existence of the "early" scleroderma pattern is crucial
for the early diagnosis of systemic sclerosis.

2.3.2 Capillaroscopic patterns of autoimmune rheumatic
diseases

Systemic Sclerosis

Systemic sclerosis is an autoimmune disorder that usually involves the
damaging of internal vital organs e.g. the lungs, the heart and the kid-
neys. Due to the severance of the disease, the morbidity and mortality
rates are very high. On that account, a lot of research has been dedi-
cated to finding a way for an early diagnosis and early treatment, when
there has yet to be severe damage to the internal organs that can’t be
reversed. It is at this stage that nailfold capillaroscopy could play a
critical role. Since 2013, the importance of nailfold capillaroscopy in
identifying patients with Systemic Sclerosis has only increased. This
is also highlighted by the fact that very recently the Research Group
on Scleroderma from EULAR (European League Against Rheumatism)
suggested the consideration of the three subdivisions of the Sclero-
derma pattern combined with the presence of swollen fingers and a
positive result for antinuclear factor as preliminary criteria in order to
diagnose SSc.

As it has already been mentioned, the Scleroderma pattern is visible
in the nailfold capillaroscopic images of approximately 90% of patients
suffering from Systemic Sclerosis. The typical micro-angiopathy in SSc
cases that is observed includes dilated or giant loops, decrease of capil-
laric density, the presence of avascular areas, micro-bleedings, neoan-
giogenesis and disruption of the capillaric architecture. These distor-
tions are typically observed in the early stages of the disease, when the
clinical suggestion points towards the Raynaud’s Phenomenon. Un-
fortunately, there has yet to be a proven correlation between the dis-
tortions in the capillary architecture and the duration of the disease.
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There are a lot of researchers who support the presence of dilated cap-
illaries and micro-haemorrhages suggests a few years of disease, while
a more intense disorganisation and devascularisation suggest a dis-
ease in its later stages. However, it is not uncommon to find patients
with many years of illness and little devascularisation or patients with
little years of illness and severe capillaric disorganisation.

Systemic Lupus Erythematous

Changes in the capillaric structure in the capillaroscopic images are
unfortunately vaguer in the case of Systemic Lupus Erythematous
(SLE) than that of Systemic Sclerosis where in the later case the Scle-
roderma pattern is present. Some common abnormalities observed
in the capillaroscopic images of patients suffering from SLE are elon-
gated, meandering or even completely twisted capillaries. Addition-
ally, there are areas where capillary loss is evident and generally the
subpapillary plexus is more visible. These characteristic changes only
appear to approximately 50% of the patients. Meanwhile, these abnor-
malities are more prominent in patients suffering from both Systemic
Lupus Erythematous and the Raynaud’s Phenomenon.

The role of nailfold capillaroscopy in SLE patients was, once more,
highlighted in a recent research focused on the detection of pulmonary
arterial hypertension. The results of this research suggested that pa-
tients suffering from SLE should have nailfold capillaroscopy once a
year in order to diagnose the existence of pulmonary arterial hyper-
tension early [14].

Dermatomyositis and Polymyositis

Patients suffering from Dermatomyositis present the typical Sclero-
derma pattern more frequently than patients with Polymyositis, when
having the capillaroscopic examination. However, in both cases, the
rates are low, ranging from 10 to 60%. Typical capillaroscopic findings
of these diseases include reduced capillary density, dilated capillaries
and disruption of the capillary architecture. In this case, the struc-
tural changes of the capillaries have been associated with the severity
of the diseases as well as interstitial pulmonary involvement [15].
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Mixed Connective Tissue Disease

Usual capillaroscopic findings for patients suffering from Mixed Con-
nective Tissue Disease (MCTD) include micro-bleedings and disorgan-
isation of the capillaries. Unlike in the case of Systemic Sclerosis,
the presence of giant capillaries or capillary density reduction is rare.
As the Raynaud’s Phenomenon is very commonly one of the initial
symptoms of MCTD, for about 85% of patients, it is also used as a
classification criterion for the diagnosis of the disease [16].

Primary Sjogren Syndrome

The Scleroderma pattern is usually present in only 13-30% of the
patients suffering from Primary Sjégren Syndrome. This percentage
highly depends on whether or not there is presence or absence of Ray-
naud’s Phenomenon. Unfortunately, in case of the absence of the
Raynaud’s Phenomenon, the capillaroscopic results of more than 50%
of the patients appear to be normal. On the contrary, when the Ray-
naud’s Phenomenon is present, the capillaroscopic results might be
vague, but, they usually include tortuous or irregularly shaped capil-
laries as well as increased visibility of the subpapillary plexus. Finally,
the presence of the typical scleroderma pattern in patients suffering
from Sjogren Syndrome is very rare [17].

Rheumatoid Arthritis

In the case of Rheumatoid Arthritis there hasn’t been extensive re-
search on the correlation between capillaroscopic imaging and the ex-
istence of the disease. However, there have been a few reports sug-
gesting the presence of increased capillaric length, tortuous capillaries
and increased visibility of the subpapillary plexus. Nevertheless, the
presence of the Scleroderma pattern in in patients with Rheumatoid
Arthritis has yet to be proven [18].

Antiphospholipid Syndrome

The most particular capillaroscopic finding in patients suffering from
Antiphospholipid Syndrome is the presence of symmetrically distributed
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micro-bleedings on their nailfold bed. These results, in conjunction
with clinical tests proving the existence of IgG and IgM anticardi-
olipin antibodies, suggest a direct damage to the vascular endothe-
lium [19].
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Chapter 3

Bibliography

In this chapter we introduce the bibliographic research we conducted
in order to gain knowledge on the topic of the segmentation of im-
ages of vascular structures and based on which we would begin our
own approach. We also include a short summary of the theoretical
background of each studied method as well as some of the main ad-
vantages and disadvantages of them. The research started off more
generally on segmentation methods, which is a very large research
field in image processing. It is used for medical imaging of biological
structures such as neurons, vessels or even cells. These applications
highly resemble the images obtained during the capillaroscopy exam-
ination as they present the same challenges when digitally processed.
Firstly, the objects of such images have very similar features that need
to be enhanced while the noise must be reduced in order to improve
the quality of the image. Secondly, in most applications, the images
have to be segmented and classified for automatic feature extraction.
However, the biggest challenge those applications provide is that of
reliability. It is crucial for medical applications to present a low rate of
false positive results and an even lower rate of false negatives. For this
reason all the algorithms used for medical application undergo severe
evaluation processes before they can be used in practise.
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3.1 Techniques used for nailfold capillaroscopy
images

3.1.1 Image pre-processing

The work of N. P. Doshi, Schaefer, G., and A. Merla, "An evaluation
of image enhancement techniques for capillary imaging” [20], was very
useful for this part of the bibliographical research. The authors of
the paper assembled ten different enhancing filtering techniques sug-
gested by other researchers and compared their results in order to
find which of them preserved the edges of the capillaries best. The re-
searchers selected two images for every nailfold capillaroscopic class
and after applying all the selected filters, they applied a Sobel edge
detecting filter and compared the results.

The filters the authors chose to compare to one another were: the me-
dian filter, the Gaussian filter, the a-trimmed filter, the Band-pass €
filter, the anisotropic diffusion filter, the bilateral filter, the Bilateral
Enchancer, the Wavelet filter, the Non Local Means (NLM) filter and
finally the Adaptive Damped Wave Equation (ADWE). According to the
results, the filters could be ranked in an accenting order as a-trimmed
filter, Wavelet filter, Band-pass e filter, Gaussian filter, ADWE filter,
median filter, anisotropic diffusion filter, NLM filter, bilateral filter and
bilateral enhancer, with the a-trimmed filter having the worst perfor-
mance at 0.1629 and the bilateral enhancer the best at 0.3872. An-
other interesting result of the study is the fact that when the results of
the filtering techniques are compared to the results obtained from the
original images *e.g. without any processing) the filters a-trimmed,
Wavelet, Band-pass € and Gaussian actually perform worse than the
original image. However, it is important to note that the results de-
scribed are based on only one edge detection algorithm so they can be
misleading.

Since the publishing of the paper mentioned above in 2006 there have
been many other suggested filtering approaches for capillaroscopic im-
ages, as the interest in nailfold capillaroscopy is only rising. Another
promising approach is that of Gabor Hamar, G. Horvath, Zs. Tarjan
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and T. Virag titled "Markov Chain Based Edge Detection Algorithm for
Evaluation of Capillary Microscopic Images” [21]. The authors identi-
fied a problem on the previously suggested methods, it being the fact
that the researchers performed intrapixel processing on the image, so
they suggested a method that took into consideration the interpixel
relations using the Markov Chain. Some of the biggest challenges the
researchers had to overcome when processing the capillaroscopic im-
ages were the extensive blur, the noise and the low contrast of the
images. However, these problems are caused by the very basis of the
imaging technique which is that the capillaries are observed through
the skin, so they must be handled using digital processing.

In brief, the approach the researchers suggested is based on the cal-
culation of the second derivative of every pixel (x,y) in order to identify
the centerline of the capillaries, as follows:
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Then, using the following "walking" algorithm they process the whole
image.

b NEXT_POINT(f, x, y. vo) [21]

a Walking Algorithm(f) [21] 1: Calculating A in point (x,y)

1: s«START POINTY() 2: v«the normalized eigenvector of A be-
2: vy <0 longing to the smaller eigenvalue

3: we(s) 3: if vjv < O then

4: while !STOP_CONDITION() do 4: V& -v

5: s1 < NEXT_POINT(f, s, vo) 5: end if

6: Vg < S — S 6: Vg <V

7: S <« Sy 7: p— (x, y)T + vconst

8: w <« s appended to w 8: l«—section through p, which is perpen-
9: end while dicular to v

10: return w 9: g—minimum point of f(x, y) from the

points of 1 return q
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One of the main advantages of the proposed method is that the results
are very precise, with a 91% vessel detection, which is better when
compared to other edge detection filters. It is important to note that
the results the researchers provided were based on the opinion of a
human observer. One of the main disadvantages of this proposal is
that it requires up to 100 iterations in order to provide good results.
Generally, the more the iterations, the less the noise present in the
resulting image. However, as the iterations increase, the edges of the
capillaries can become disconnected or even disappear. Additionally,
the time required for the processing to finish is too long due to the
high number of iterations.

The researchers Niraj P. Doshi, Gerald Schaefer and Shao Ying Zhu
proposed a method of improvement of the binarisation and the skele-
ton extraction of the nailfold capillaroscopy images by focusing on re-
ducing the non-uniform background. After studying the work of Wen
et al. and Lo et al. who used histogram equalization and the isolation
of the green channel respectively, they decided that their results were
inadequate as their approaches were too simple. Thus, they decided
to filter the images using a Difference of Gaussian (DoQG) filter in order
to make the background of the images uniform while preserving the
capillary edges. The DoG filter is defined as:

2 2 2 2
h(x.y) = 5[ zexp(-*35) — Fexp(-=35)]

,where 07 < 0y

The researchers set the value of o, as the average capillary width and
o = %. After testing several thresholding techniques, they selected
Otsu’s method as the best in order to binarise the image and lastly
applied a series of post-processing techniques to remove any small
unwanted objects.

The evaluation of the results of the proposed method was based on
the Pratt Figure of Merit and it was also used to compare them with
the results of Wen et al. and Lo et al. In conclusion, the results of
the proposed method were better than the other two techniques and
the researchers support that is because this method handles the noise
better. After the final results researchers decided to further improve
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the proposed algorithm by applying a bilateral enhancer before thresh-
olding the image. The main disadvantage of this algorithm is that it is
not flexible as it is just the capillary radius that can be adjusted for
every image.

Another approach attempting to enhance the contrast between the
background of the image and the capillaries was that of J. C. Riano-
Rojas, F. A. Prieto-Ortiz, L. J. Morantes, E. Sanchez-Camperos and F.
Jaramillo-Ayerbe in "Segmentation and Extraction of Morphologic Fea-
tures from Capillary Images” [22]. The method researchers proposed
consists of three steps: improving image illumination, highlighting en-
hancement and finally smoothing of the image. What separates this
proposal from others is that it uses different colour spaces in order
to accomplish each of the steps mentioned above. In particular, the
Y component which represents the luma information in YIQ, is used
to improve the illumination. Respectively, the S component which
represents the saturation information in HSV, is used to improve the
contrast of the image. Afterwards the images are processed by using
a Wiener filter with a kernel size of 15x15 to reduce the noise and to
smooth the image. Finally, the researchers extracted the components
M, A and Cr from the colour spaces CMY, Lab and YCbCr and com-
bined them into a new image which had increased contrast.

Another thing that makes this approach interesting is that the re-
searchers proceed to the feature extraction of the capillaries. The fea-
tures they focused on were: Tortuosity, width, height, density of the
capillaries, the area, the perimeter, the orientation and the polarity.
From these features only tortuosity was used to automatically classify
the detected capillaries. Their final results were compared to images
who had been manually annotated by a dermatologist and they con-
cluded that their results were satisfactory. However, one downside of
this method is that it is extremely complex which has an impact on the
run time of the application making it unusable in real life situations.

A more recent and most promising paper that came up during the bib-
liographic research was Robust Nailfold Capillary Skeleton Extraction
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by Niraj P. Doshi, Gerald Schaefer and Arcangelo Merla [20]. The re-
searchers focused on improving the skeletonisation of the capillaries
which is very useful during a feature extraction. Using their earlier
work they decided to use a bilateral filter to reduce the image noise
and then they applied histogram equalization to enhance its contrast.
Finally, a Difference of Gaussians (DoG) filter was applied in order to
correct the illumination of the images. The pre-processing step was
followed by thresholding by using Otsu’s method to binarise the image.
Then, in order to remove any small unwanted objects they filtered the
images with a median filter, twice.

Moving on to the skeletonisation of the capillaries, the researchers
used 8-pixel connectivity as it regards pixels whose edges are attached
as neighbours; and thus is able to preserve the curvature of the cap-
illaries. Then a two-step algorithm is applied iteratively, until the
following two conditions are meet.

e C(p)=1,

e 2<N(p) <3

e One of the following
- (p2 V p3 V ps) V pg =0, in odd iterations,
- (ps V p7 V p1) A ps = 0, in even iterations,

where, po, P4, ps and pg neighbour on the edges of the pixel and p, ps, ps
and p; neighbour diagonally. C(p) is the number of white pixels in the
selected pixel’s neighbourhood. Finally, N(p) is defined as

N(p) = min(N;(p). N2(p))

where:

Ni(p) = (p1 Vp2) +(p3V ps) +(ps V pe) + (ps V P7)
No(p) = (p2V p3) + (paV ps) + (ps V p7) + (P8 V p1)
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When these conditions are true for every pixel of the image then the
algorithm can no longer remove any other pixels and the final result is
acquired.

The final results of this proposal were very good compared to others
that also focused on the skeletonisation of the capillaries when the
detected capillaries matched the early or active Scleroderma patterns.
Unfortunately that was not the case for the capillaries with charac-
teristics of the late SD pattern which is the main disadvantage of this
method.

More recent suggestions have utilized machine learning techniques in
order to process the capillaroscopy images. A prime example of this
is the work of R Nivedha, M Brinda, K V Suma and Bheemsain Rao
"Classification of nailfold capillary images in patients with hypertension
using non-linear SVM” [23]. Their approach consists of the following
steps:

e Colour channel selection: As many other researches on the sub-
ject, the authors chose to work using only the green channel of
the acquired image.

e Histogram equalization: In order to further increase the contrast of
the image, the researchers applied the Adaptive Histogram Equal-
isation (AHE)

e Gaussian filtering of the image: A series of filters is tried out in
order to reduce the image noise. After testing the Gaussian,
mean, median, adaptive median, alpha trimmed mean, wiener
and Laplacian filters, the researchers decided to use the Gaus-
sian one as it performed the best.

e Image binarisation with Otsu’s method: As there are multiple ap-
proaches when it comes to image segmentation, the researchers
decided to test Otsu’s thresholding, Region growing, Fuzzy C
Means, Watershed and K means and found out that Otsu’s method
by far outperformed the rest.

e DWT for feature extraction: Discrete Wavelet Transform was uti-
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lized in order to perform the feature extraction. The researchers
chose to calculate the following 12 features: contrast, entropy,
correlation, RMS, energy, variance, homogeneity, smoothness,
mean, kurtosis, standard deviation and skewness.

e PCA jor dimensionality reduction: A common step when using ma-
chine learning techniques in image processing is the Principal
Component Analysis. Its main purpose is to eliminate any un-
necessary features e.g variables which are not independent.

e SVM for classification of the vessels: The final step of this method
is the classification of the identified capillaries. For this purpose,
the authors utilized the Support Vector Machine (SVM), which is
a common learning algorithm. As in most real-life applications,
the samples can’t be separated by using straight lines, thus the
authors employed Feature Mapping which is a non-linear tech-
nique.

One of the things that separates this proposal from all the above men-
tioned ones is the unique choice of features. The authors chose to
exclude common features mentioned in other papers which are usu-
ally used by physicians when evaluating a capillaroscopic image and
instead calculated new ones.

3.2 Techniques used for similar applications

Besides searching for other proposed methods regarding nailfold cap-
illaroscopic images, we also looked for other approaches which had
similar topics as NC. These included the detection of the blood vessels
or neurons whose imaging is acquired through processes similar to
capillaroscopy.

One of the approaches that stood out was that of Alejandro F. Frangi,
Wiro J. Niessen, Koen L. Vincken and Max A. Viergever, "Multiscale
vessel enhancement filtering" [24]. The researchers used images ac-
quired in 2d digital subtraction angiography (DSA) and MRI screening
of the aortoiliac artery and the cerebral as their testing data and their
goal was to identify and enhance vessels, generally described as tubu-
lar shapes, in order to improve the segmentation results. The proposed
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method is based on Hessian filtering as the eigenvalues of a Hessian
matrix can be used to determine the likelihood of a vessel been present.
In particular, the Taylor expansion in the neighborhood of a point xg
was used in order to model the local behaviour of an image. This is
described by the following equation:

L(xo + 6Xps) = L(Xo,s) + 6x) Vs + x5 H, 56X

where V, s is the gradient vector and H, s is the Hessian matrix com-
puted at x at scale s.

The differential operators of L were calculated as the convolution with
derivatives of Gaussians

0 0
—L(x,s) = s"L(x) * —G(x, s)
ox ox

with the Gaussian been defined as:

G(x,S) = ———e 22

V(2ms?)

where y is used for normalization purposes.
For every image a set of two eigenvalues was calculated based on which
the researchers classified the vessel that was detected.

M N> Orientation pattern

N N Noisy, no preferred direction
L H- Tubular structure (bright)

L H+ Tubular structure (dark)

H- H- Blob-like structure (bright)
H+ H+ Blob-like structure (dark)

Table 3.1: Table of orientation patterns
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where H: high value, L: low value, N:noisy, +/-: sign of eigenvalue
A vesselness function is used to assign a probability value the calcu-
lated features and is defined as follows:

0, ifﬂg >0
Vo(s) = yis s?
exP(_zﬁzﬂz)(l exp- o3
2

Finally, a series of calculations is performed for different scale values
and the final value for vesselness is selected based on the following
formula:

VO(V) = maxsmin<s<smaxV0(s’ V)

One of the very interesting aspects of this approach is that it uses a
measurement scale as it takes into consideration the fact that vessels
have varying sizes. Another advantage of this method is that the final
results show a good segmentation outcome and a reduction of noise in
the image. Furthermore, when compared to other approaches which
also use the Hessian matrix as their basis, the results show significant
improvement making this approach very promising.

Another interesting work is that of Shijian Lu, Jiang Liu, Joo Hwee
Lim, Zhuo Zhang, Tan Ngan Meng, Wing Kee Wong, Huiqi Li and
Tian Yin Wong in "Automatic_fundus image classification for computer-
aided diagnosis” [25]. The aim of the researchers was to develop an
algorithm which would successfully classify fundus images despite
the wide range of diversity. As that was a very difficult task, they
focused on being able to identify the normal images and point out
any abnormal ones for further processing. This way they were able to
use more generic image characteristics, for example smoothness, for
a successful classification.

For their proposal, the researchers used the idea of range images which
means that the value of the pixels expresses the distance between
a known reference frame and a visible point in the scene. So, the

36



3.2. TECHNIQUES USED FOR SIMI- CHAPTER 3. BIBLIOGRAPHY
LAR APPLICATIONS

first step of their approach was to calculate a series of range images
from each eye fundus, each having different resolution, based on the
following equation:

R(x, y, wy) = max(I(x, y, wy) — min(I(x, y, wy))

where x,y are the coordinates of each pixel of the image and w; is the
size of the i-th window used to extract the range image.

The histogram of each acquired image is then calculated and its fea-
tures are used for the classification of the original image. In particular,
these features included the histogram mean (M), histogram variance
(V) and histogram energy (E). The feature vector (FV) of each image was
finally obtained

FV = [MIVIEla ...,Mi‘/iEi, ---sMnVnEn]

where i denotes the local histogram.

Fisher’s linear discriminant (FLD) was used to classify the images
based on the feature vector that was calculated earlier.

In general, this proposal performs very well and has the potential to
exceed a 96% accuracy as the window size reduces. However, once
it reaches a size of 6, the accuracy no longer increases. Another fac-
tor that affects the level of accuracy of the method is the number of
range images calculated. Once again, as their number increases, the
accuracy also grows. This however is a disadvantage of the method as
the increase of range images will seriously affect the execution time.
On that note, the researchers suggest as future work the addition of
a feature elimination stage in the overall process and the utilization of
more distinct histogram features.

Another method that bears high resemblance to the processing of
capillaroscopic images is that of Masoud Aghamohamadian-Sharbaf,
Hamid Reza Pourreza and Touka Banaee in "A Novel Curvature-Based
Algorithm _for Automatic Grading of Retinal Blood Vessel Tortuosity”.
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The authors of the paper, after testing already proposed algorithms
for the measurement of a vessel’s tortuosity and pinpointing the main
disadvantages, proceeded to develop a new algorithm which is based
on the calculation of the curvature of a vessel.

The parametric representation of the curvature they used is:

. = yrr(t)xs(t) — xr(t)ys(t)
T ()2 + yr(1)2)3/2

As the discrete model of curvature has a high computational complex-
ity, the authors suggested a series of modifications in order to maintain
the simplicity of the proposed algorithm.

The basic steps of the proposed algorithm were the following:

e Detection of the blood vessel of the retina: Randon transform was
used to extract a vessel map of the image.

e Skeletonisation of the vessel: Morphological thinning was applied
on the detected vessel in order to extract its skeleton.

e Cross-section removal: Using a circle on every point of the skeleton
the algorithm counts the number of crossovers and bifurcations
and if they exceed 3 they have to be removed.

e Calculation of the tortuosity locally and globally: The local tortu-
osity of every point in the skeleton of the vessel is calculated and
their mean value are used as the global tortuosity of the image.

Some of the main advantages of this proposal were that the algorithm
is simple and thus has a fast execution time as well as the fact that the
definition of tortuosity used by the researchers is the same as the one
physicians use for the evaluation of the retina blood vessel, making it
extremely useful.
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Chapter 4

Technical Background

In this chapter of the thesis we will present some theoretical back-
ground on techniques that were used for the development of the sys-
tem.

4.1 Difference of Gaussian (DoG) filtering

In order be able to use thresholding techniques for the segmentation,
it is important to have a uniform background in the images. For this
reason we chose to apply a Difference of Gaussian filter to the capil-
laroscopic images.

The DoG filter is widely used in image processing for edge detection.
Similarly to the Laplacian of Gaussian (LoG) filter and the Difference
of Boxes (DoB) filter, it works as a two phase process. First, the fil-
ter performs a Gaussian blur on the original image using a standard
deviation of o;. Then the filter performs a second Gaussian blur on
the original image using a standard deviation of oy, which is usually
sharper than the o,. The two resulting blurred images are then sub-
tracted from each other giving the final image. For each pixel of the
final image we inspect for zero-crossings. These correspond to edges
of the image or to pixels that vary significantly from their neighbour.
As the difference between two different low-pass filters, the DoG filter
is a band-pass filter. This way, it is able to remove high frequency com-
ponents of the image , e.g. noise, as well as low frequency components,
e.g. homogeneous areas of images. Some of its main advantages in-
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clude the robustness of the filter to noise as well as the fact that it has
a very fast implementation algorithm.
The Difference of Gaussian filter is defined as:

x2+y?
D)
0]

)]

h(x,y) = ﬁ[oi%exp(— ) — oi%exp(— 2 ,where 07 < 0y

Bellow follows a schematic of the 2d filter

4 3

Figure 4.1: Difference of Gaussians (DoG) filter [6]

4.2 Contrast Limited Adaptive Histogram Equal-
isation (CLAHE)

In order to further improve the quality of the image we also used the
Contrast Limited Adaptive Histogram Equalisation (CLAHE) method.
CLAHE is a popular option in the image processing field, in particular
in medical imaging applications. The reason for this is that CLAHE is
able to intensify small details better than other enhancing techniques,
which can be critical in a medical image.

CLAHE falls under the category of non-linear enhancing techniques
which are based on histogram equalization. The basic idea behind
histogram equalization as a contrast enhancement method is that as
the multitude of pixels with a specific greyscale value increases, it
should be assigned a larger part of the grey ranges available. As a
result, the histogram after the equalization is almost flat.

Another benefit of choosing CLAHE over other histogram equalization
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technique is that it can prevent noise amplification in homogeneous
areas [26]. The way CLAHE works is the following:

Firstly the image is divided in large same size sections and the his-
togram of each section is calculated. Then for every pixel in the sub-
sections, the amplification value is based on the slope of the cumula-
tive distribution function (CDF), which is limited. The reason for this
is that only a predetermined number of pixels can lay in each bin of
the histogram. The allowed number of pixels, known as clip limit S, is
set as a multiple of the average histogram values. This is described by
the following equation

B= %(1 + ﬁzo(smax - 1))

where, B is the clip limit, MxN the number of pixels in each image seg-
ment, L is the number of greyscale values, a is the clipping factor with
range between 0-100 and Sy is the maximum slope allowed. [27]
The pixels whose value exceeds the clip limit are then redistributed
evenly over the histogram. There is a chance that this redistribu-
tion causes areas of the histogram to exceed the clip limit. If this is
unwanted the redistribution is repeated until this excess is negligi-
ble.

- ==

Figure 4.2: Contrast Limited Adaptive Histogram Equalization (CLAHE) [7]

4.3 Otsu Binarization Method

The main goal of thresholding in image processing is to divide the
pixels of an image into distinct classes based on a selected greyscale
value, the threshold value. This way the resulting image consists only
from black and white pixels.

All of the binarization techniques can be classified into two classes: the
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Global and the Local binarization methods. In our approach we used
Otsu’s Method which falls under the global binarization techniques,
meaning that the threshold value that is chosen is constant over the
entire image.

The Otsu binarization method was named after Nobuyuki Otsu, who
was the fist to suggest this technique in 1979. The main idea of Otsu’s
algorihtm is to find a threshold value that maximizes between-class
variance and minimizes within class variance. Then, all of the pixels
of the image are classified into 2 classes using that threshold. This is
described by the following equation [28]:

o (t) = wo(t)oa(t) + w1 (t)oi(t)

where, og and of are the variances of these classes and wy and
weights equal to the probability of each class calculated as:

wo(t) = Yiop() and @ (t) = X' p(i)
and the class means are calculated as:

_ DiZo ip(d) _ XiEtip)
L‘O(t) - a)?,(t) and ul(t) - @1 ()

and finally the intra-class variance og is calculated as:

0z (t) = wo(H1 (B[ po(t) — (6]

Bellow follows a basic algorithm for the implementation of Otsu’s
method:

Algorithm 1 Otsu’s method pseudocode [28]

1: Calculate histogram and probability of each greyscale intensity value
2: Initialize ©;(0) and p;(0)

3: for All possible threshold values t € [1, maxIntensity] do

4: Calculate and update ®;(0) and 1;(0)

5 Calculate o}

6: end for

7: set threshold t= max o
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Chapter 5

Proposed Algorithmic Pipeline for
Evaluation of Capillaroscopic
Images

The method proposed in this thesis is based on the research paper An
Improved Binarisation Algorithm for Nailfold Capillary Skeleton Ex-
traction by Niraj P. Doshi, Gerald Schaefer and Shao Ying Zhu [29].
The researchers were able to identify the main problems of already
existing methodologies and proposed an algorithm for the binarization
of capillaroscopic images that tackled these problems. Our aim was to
further improve on their approach and to use the resulting binary im-
age in order to extract more structural features of the capillaries.

5.1 Image Processing

A flowchart describing the sequence of processing steps we followed
for acquiring the final binary image is presented and each of the steps
are then analysed in more detail.
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Figure 5.1: Flowchart of processing steps

5.1.1 Image Pre-processing

In order to accurately segment the images obtained during the cap-
illaroscopy procedure we have to pre-process them as they usually
suffer from inadequate contrast, lighting variations and noise. So as
to deal with those issues we used the following methods.

Image resizing and cropping

When a capillaroscopic image is inserted into the system it is resam-
pled and resized, so that the dimensions of the image are 256x256
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pixels. Afterwards a 10 pixel thick border is removed from the image
in order to reduce the noise.

Resized image Croped image

’ - .

Figure 5.2: Pre-processing image results (A) Original image (B) Resized image (C)
Cropped image

Green channel isolation

Lo et al. were able to prove that in the red-green-blue (RGB) capil-
laroscopic images, the green channel has the best capillary/background
contrast. Furthermore, the red and blue channels tend to be more
noisy. Using this information we chose to isolate and utilize only the
green channel of each image.

Cropped image Green channel isolation

Figure 5.3: Pre-processing image results (A) Cropped image (B)Green channel isola-
tion

Difference of Gaussians (DoGQG) filtering

After extracting the green channel from the image, we used a DoG
filtering in order to improve the background illumination of the image
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and to reduce the noise. For our approach the window size for the im-
plementation of the filter was set to 18, while the standard deviations
where set as 0, = 4 and 0} = $=.

Contrast Limited Adaptive Histogram Equalization (CLAHE)

In order to further improve the quality of the image before thresholding
we use the Contrast Limited Adaptive Histogram Equalization (CLAHE)
method.

5.1.2 Image Binarization

Otsu Binarization Method

Afterward image is binarized using Otsu’s Method as described in
Chapter 4. The threshold is automatically selected depending on the
image selected to be processed.

5.1.3 Image Post-processing

Small area removal

In order to improve the results from Otsu’s thresholding we needed to
further process the image. This is also known as post processing in
digital processing. For our implementation the connectivity was set
to 8, meaning that two pixels are considered to be connected if their
edges or corners are connected. Additionally, the minimum size of
an area for not been deleted was set equal to 150 after testing it and
comparing these results to those of other values.
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After applying all of the above processing techniques to our images in
the dataset provided, the results were the following:

Image after DoG filtering CLAHE adaptive histogram equalization

Binary image after OTSU thresholding 150

Figure 5.4: Image results after applying (A)DoG filter (B)CLAHE (C)Otsu thresholding
(D)Small area removal

Finally, we appose the original image next to the final result acquired
after the proposed processing method for easier comparison.

Figure 5.5: On the left, original image from dataset and on the right image after
digital processing
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5.2 Feature Extraction

In order to extract the necessary features from the capillaries we fo-
cused on two different levels on the image. Firstly we focused on each
capillary isolated in order to acquire a set of features for each and every
one of them individually. Secondly, we looked at the image as a whole
and extracted a series of features representative of the capillaries.

5.2.1 Features of individual capillaries

After the segmentation of the image each capillary was extracted and
stored separately in order to be processed as an individual and thus
compute the desired characteristics. An overview of the processing
steps and the calculations performed follows.

‘ Capillary ‘

Image

l

‘ Bounding box }—; Width and Height

‘ Euler's number }—' Number of holes

Skeleton extraction Thickness calculation ‘

Slope calculation }74% Based on the bounding box Slope, devistionand length

calculation

Slope, deviation and length
calculation

—  Based on th convex hull

Based on the skeleton's Slope and deviation ‘

pixels calculation

Figure 5.6: Flowchart of processing steps and calculations of individual capillaries

Height and Width of capillary’s bounding box

After placing a bounding box around each capillary we calculate the
width and the height of these boxes. The result of that process is the
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following.

Bounding box around capillaries

Figure 5.7: Binary image with bounding boxes around the capillaries

It is important to note that the bounding box calculated for this pur-
pose has the same orientation as the image. A different approach
will be described later when the bounding box will be utilized for the
calculation of a capillary’s orientation.

Number of holes in the capillary

A very useful mathematical tool for calculating the number of holes in a
capillary is Euler’s number, also refereed to as Euler’s characteristic.
It is defined as the number of objects in an image minus the total
number of holes in those objects.

As we have already isolated the capillaries, the calculation is performed
for each capillary separately. This feature is particularly useful to
determine whether or not a capillary is twisted.

Skeleton extraction

The skeleton of any blob is defined as the mid-way between its edges.
As the most commonly used techniques for the extraction of the skele-
ton didn’t produce sufficient results we proposed the following method.
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based on intersection
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( Length calculation of w
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IsTey

remains

{ Segment } { Delete segment }

Figure 5.8: Flowchart of skeleton extraction

First a thinning of the binary image is performed and a binary image
whose object is reduced to a single connected line is obtained. In or-
der to identify the intersection points on the skeleton, e.g. pixels with
more than two neighbours, we convoluted the image with the following
filter h:

Il
—
— O ==
—_—

Afterwards the pixels were grouped together in line segments based
on the intersection points that were previously located. Finally, any
branch whose length was smaller than a threshold value, in our case
it was set equal to 8 pixels, is removed from the image.
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Thickness of capillary

Extraction

l

‘ List of skeleton ‘
pixel coordinates

For every pixel
in the list

Identification of n
closest skeleton pixels

|

Calculation of first
degree polynomial p(x)

‘ Skeleton ‘

Calculation of slope of

p(x), s

Calculation of

perpendicular to slope, p

‘ Identify intersection ‘
points with border

Compute length of line ‘
with slope p

‘ Create histogram of ‘
calculated lengths

| Gaussian fit ’

‘ Mean value and std ‘
calculation

Figure 5.9: Flowchart of thickness calculation

Following the "thinning" process, we identified the 10 closest laying
pixels based on the smallest calculated euclidean distances. These
pixels were used to calculate the coeflicients of a polynomial p(x) of first
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degree, representing a line. Afterwards, the slope of the line described
by the polynomial was calculated and was used as the slope of the
selected pixel.

A line with direction perpendicular to the pixel’s was then drawn, the
endpoints of which were set as the boundary points of the capillary
detected that intersected with the line. The length of that line was
used as the local thickness of the vessel and the process was repeated
for every pixel in the skeleton of the vessel.

A snapshot of the process described above is illustrated on the left of
the following image and the final histogram of the calculated distances
is on the right.

Hist of dist
25

[ mean:5.9541
I std:3.0592

Figure 5.10: On the left, snapshot of binary image of capillary with skeleton (blue)
and vertical distance calculated (magenta), and on the right histogram of the dis-
tances calculated

After calculating the the thickness for every pixel in the skeleton we
then proceeded with the creation of the histogram. A Gaussian fit was
later performed and the mean value and the standard deviation of the
histogram were calculated.

Slope of capillary

As the slope of a capillary is not defined strictly but in a more qualita-
tive way, we developed three different approaches in order to see which
one would produce a result that could be generally accepted.
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Based on the slope of its bounding box

For the first method of calculation of the slope of a capillary we firstly
placed a bounding box around the capillary.

Isolated
capillary image

Placement of
bounding box (bb)

Calculation of

length of bb sides

l

‘ Computation of ratio
of side's lengths

e

Reference slope set equal ‘ ‘ Reference slope set equal
to slope of diagonal to slope of largest side

Desired
slope += reference slope

false
ann

Locate longest line laying ‘
inside blob with desire slope

‘ Calculate slope of line ‘

Figure 5.11: Flowchart of slope calculation based on capillary’s bounding box

It is important to note that we didn’t use the same method as before
for the calculation of the bounding box rather we used a new one that
minimizes the area of the box and allows a different orientation than
the one of the image. Then the length of the sides of the bounding box
were measured and their ratio was calculated. If the ratio was found
smaller than 0.4 then the reference slope was set equal to the slope of
the bounding box’s longest side. Otherwise, the reference slope was
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set equal to the slope of the diagonal of the bounding box. Finally we
located the longest line that lays inside each capillary and has a slope
equal to the reference slope or deviates by it by a maximum of O.1rad.
The final result of the process described above follows. Lines calcu-
lated based on the slope of the diagonal are colored blue while the ones
calculated based on the longest side are colored red.

Binary image with bounding boxes an max straight line

Figure 5.12: Capillaries with their bounding boxes and longest lines detected based
on reference slope

Finally, a main slope is calculated for the whole image based on these
slopes in a way which we will later describe. The main slope is used
in order to calculate the deviation of each capillary.
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Based on the slope of the maximum diameter of its convex hull

The second approach utilized for the calculation of the capillaries’
slopes was based on the maximum diameter of its convex hull. A
flowchart describing the basic steps of the method follows.

{ Isolated }

capillary image

Convex hull of
capillary

Y
{ Calculation of W
Maximum diameter

¥
Capillary slope set equal
to max diameter slope

Figure 5.13: Flowchart of slope calculation based on capillary’s convex hull

For this method, we first computed the convex hull of each vessel.
The maximum diameter of the convex hull was then calculated and its
slope represented the slope of the capillary. The convex hulls of the
capillaries and their maximum diameters are illustrated bellow.

Convex hull of Capillaries

Figure 5.14: Convex hull of capillaries with maximum diameter
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Finally, based on the slopes of the capillaries a main slope for the image
is calculated. That main slope is then used to calculate the deviation
of each capillary in the same way as the previous approach.

Based on the slopes of the pixels of the capillary’s skeleton

The third method of calculation of the slope of a capillary was based on
the slopes of the pixels of the capillary’s skeleton. For this approach it
was necessary to firstly define the following divisions of the plane:

1
e The 5 division: This division separates the plane in the following

”]’[L 3 [37[ 5n]’[@ E]’[ﬂ 9_1'5]’[91'5 lln], 11m

segments: [O’E 127 124 L1927 124 L797 124- L7197 121 L7197 19 12 , T0)

T
Figure 5.15: Schematic of the 5 division

1
e The 1 division: This division separates the plane in the following

segments: [0, £, [£, 3F], [3F, 2F], [3F, 22, [ZE, )

|

T
Figure 5.16: Schematic of the 1 division

A flowchart describing the basic steps of our approach follows
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Isolated
capillary image

Skeleton
Extraction

[ Calculation of slopes J

of skeleton pixels

J

[ Slope bucketing } [ Slope bucketing

using 7/6 devision using ©/4 devision

Identification of bin with
highest frequency

Creation of more
detailed histogram

Identification of bin with
highest frequency

Set capillary's slope equal to the
mean value of selected bin

Figure 5.17: Flowchart of slope calculation based on the slopes of the pixels of the
skeleton

Firstly, the slope for each pixel in the capillary’s skeleton was evalu-
ated in the same way as for the thickness calculation, however this
time we used only the 3 closest pixels in order for more precision.

Afterwards, the calculated slopes were bucketed using the ¢ and 7

divisions and a histogram was created in both cases. The lgin with
the highest frequency was identified for both of the histograms and a
second more detailed histogram in the range of the highest frequency
bin was created from the slopes of the pixels of the skeleton. We then
once again identified the bin with the highest frequency and the mean
value was set equal to the slope of the capillary. Finally, based on the
slopes of the capillaries a main slope for the image is calculated. That
main slope is then used to calculate the deviation of each capillary in

the same way as the previously mentioned approaches.
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5.2.2 Global features of image

A set of global features is acquired from every image processed by
the system. A general overview describing the processing steps that
we will later explain in more detail and the calculations performed
follows.

Calculation of mean width, height,
mean and std of thickness

Image labelling

Calculation of area
of capillaries

Number of
capillaries

Devision with total

image area

Capillary Density

Binary capillaroscopic )
image

S Calculation of slope Histogram of total Calculation of mean, std,
Skeleton extraction . 4 . N .
of skeleton pixels thickness median, 25 and 75 quartile

Calculation of
width/heighth ratio

Calculation of slope Total thickness of
of skeleton pixels capillaries

Calculation of median value Calculation of directiona]ity}

of max diameter slope of capillaries

Calculation of median value Calculation of deviation of
of deviation capillaries

Figure 5.18: Flowchart of global feature extraction from image

Mean capillary features

For every image processed we aimed to create a representative capillary
whose values could be used for a general assessment of the image.
After calculating the width and the height of the bounding box of every
capillary, we then computed their mean value and the results were
set as the width and height of the representative capillary. The same
process was repeated for determining the mean thickness and the
standard deviation of that capillary.

Number of capillaries and Capillary Density

First and foremost the number of capillaries detected was calculated
and then we moved on to calculate the density of the capillaries. For
that purpose, we firstly calculated the area that each capillary occu-
pied, we summed them and the result was finally divided by the total
area of the image. The main reason we chose this method in order to
calculate the density of the capillaries was the lack of information on
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the scale used during the capillaroscopic examination in the dataset
and this method provided a way to overcome that problem.

Thickness measures from all capillaries

Next we calculated a series of features regarding the thickness of
the vessels of the capillaroscopic image. A flowchart describing the
methodology for these calculations follows.

Binary capillaroscopic
image

v

»

Skeleton extraction
of capillaries

™y

( Slope calulation of )
| pixels of skeletons |

b
Histogram
creation

h J

Gaussian fit

A 4
Calculation of mean, std,
median, 25th and 75th quartile

Figure 5.19: Flowchart of total thickness calculation

The skeleton of the capillaries was once again extracted and the slope
of each pixel of the skeleton was calculated. A general histogram was
then created from these values and a Gaussian fit was performed in
order to acquire a series of features. In particular, we were interested
in the mean value and the standard deviation of the histogram. Fur-
thermore, we also computed the median value as well as the 25th and
the 27th quartile in order to have an overall picture of the thickness
of the capillaries.
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Total thickness

A total thickness of the capillaries is calculated for the capillaroscopic
images based on

w;
'E,
SE
2i|Eidl

where C;: capillary, E;: size of Capillary, w;: width of bounding box of
capillary and h;: height of bounding box of Capillary

Total directionality

For every image, the total directionality of the capillaries is calculated
based on

Zi |ai - amean|Ei

2 1 Eidl

where C;: capillary, E;: size of Capillary, Qmeqn: mean value of maxi-
mum diameter slope and a;: max diameter slope

It is important to note that the mean slope we used for the calcula-
tion of this feature was the mean value of the slopes of the capillaries
calculated based on the three different approaches we have already
mentioned and not on the mean value of the total slope histogram.
For this reason we repeated the calculation 4 times, once for the mean
slope based on the bounding box of the capillary, once for the mean
slope based on the convex hull of the capillary and finally twice for the
mean slope calculated based on the skeleton’s pixels, once for the ¢
division and once for the 7 division. This feature is particularly useful
when comparing the performance of these different approaches.

Total deviation

We define total deviation of the capillaries as
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Zi |dl - dm|Ei
2 Ed

where C;: capillary, E;: size of Capillary, d,,: mean value of deviation
from main slope and d;: deviation of capillary

The calculation of this feature is also repeated 4 times for the same
reasons as the total directionality and it is also useful when comparing

the performance of the approaches used for calculating the slopes of
the capillaries.
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Chapter 6

Results

This section of the thesis will present the performance on the dataset
provided of the developed system. The initial dataset kindly provided
by Professor Pancaldi Fabrizio, included 41 capillaroscopic images. Af-
ter examining the images only 15 were selected for testing and the rest
were disregarded as the glaring caused by the immersion oil was too
intense. Out of the 15 images selected, for the sake of completeness,
we chose to analytically present the results of three as each one repre-
sents a different category of potential images that the system will have
to process. Unfortunately, as the level of magnification used during
the capillaroscopy was not recorded, most of the results are measured
using pixels as a metric unit with the exception of the slopes which
are calculated in rad.

6.1 Results of image of normal capillaries

In the first image selected the capillaries present the typical pattern
which is expected when examining the nailfold bed of a healthy indi-
vidual. Bellow follow the results of the system’s calculations.

Image Binarization Results

After following the preprocessing steps described on Chapter 4 the
image is thresholded and a binary image is obtained. Each capillary
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detected is annotated with a label and we will further refer to it using
this number.

(@) Original image acquired by
healthy individual. (b) Binary image with labels

6.1.1 Individual capillary measures

Basic features results

The width, the height, the number of holes, the mean thickness and
the standard deviation of the thickness are the first parameters to
be measured for each capillary separately. A table of the calculated
features follows:

No Width Height Holes max_thick m_thick std_thick

1 11 45 0 6 4.7436 2.8536
2 7 49 0 6 4.7209 0.90831
3 9 49 0 5 4.4186 1.1595
+ 14 100 0 7 5.9907 3.6665
5 9 63 0 6 4.7077 2.1918
6 11 90 0 6 4.9425 1.3923
7 13 65 0 7 5.7667 1.6194
8 8 50 0 7 6 1. 3327
9 37 0 6 553333 1.291

Figure 6.2: Results of individual capillaries, measurements in pixels
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Slope calculations

The results of all three different approaches for calculating the slope
of the capillaries are presented in the following matrices.

e Based on the slope of its bounding box

capillaryNo bbSlope Slope length deviation

1 1.47 1.54 29.51 0.05
2 1.52 1.59 43.01 0.01
3 1.52 1.52 38.05 0.07
4 1.55 1.64 62.13 0.05
5 1.55 1.54 53.53 0.05
6 1.67 1.63 80.61 0.04
7 1.7 1.68 64.38 0.09
8 1.53 1.51 49.09 0.08
9 1.63 1.63 36.06 0.04

Figure 6.3: Slope of capillaries based on their bounding boxes, in rad

e Based on the slope of the biggest diameter of its convex hull

cNo Slope length deviation
1 1.35 45.12 0.19
2 3.59 48.01 0.05
3 1.49 48.17 0.05
4 2 e | 99.18 0.03
S 3. 32 62.07 0.02
6 1.63 89.14 0.09
7 1.68 64.38 0.14
8 1.45 49.37 0.09
9 3..63 36.06 0.09

Figure 6.4: Slope of capillaries based on their convex hull, in rad

e Based on the slopes of the pixels of the skeleton
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No mainSlope30 deviation30 mainSlope45 deviation45
1 0.85 0.58 1.35 0.28
2 1.35 0.08 1.35 0.28
3 1.35 0.08 1.35 0.28
4 1.2 0.23 1.85 0.22
5 1.55 0.12 1.55 0.08
6 1.55 0.12 1.55 0.08
7 1.55 0.12 1.85 0.22
8 1.55 0.12 1.55 0.08
9 1.55 0.12 1.55 0.08

Figure 6.5: Slope of capillaries based on the pixels of the skeleton, in rad

The above results were based on the following histograms formed
for every capillary.

Hist of slopes Hist of slopes
12 ke 25 L

Hist of slopes
25 L

[ 1
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I <t.0.46929
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mean:1.5007

I 510020589

r

Hist of slopes
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[ mean:1.4342
N std:0.49329

Figure 6.6: Histograms of slopes of skeleton pixels

6.1.2 Results comparison

[EE mean:1.5327
[ std:0.42463

A comparison on the results from the different approaches follows

e Slope Calculation
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No | Slope30 | Slope45 | Bounding Box Slope | Convex Hull Slope
1 0.85 1.35 1.54 1.35
2 1.35 1.35 1.59 1.59
3 1.35 1.35 1.52 1.49
4 1.2 1.85 1.64 1.51
5 1.55 1.55 1.54 1.52
6 1.55 1.55 1.63 1.63
7 1.55 1.85 1.68 1.68
8 1.55 1.55 1.51 1.45
9 1.55 1.55 1.63 1.63

e Standard Deviation

No | Slope30 | Slope45 | Bounding Box Slope | Convex Hull Slope
1 0.58 0.28 0.05 0.19

2 0.08 0.28 0.01 0.05

3 0.08 0.28 0.07 0.05

4 0.23 0.22 0.05 0.03

5 0.12 0.08 0.05 0.02

6 0.12 0.08 0.04 0.09

7 0.12 0.22 0.09 0.14

8 0.12 0.08 0.08 0.09

9 0.12 0.08 0.04 0.09

6.1.3 Total Image Results

For the image as a total, the features calculated were the following:

Total image results

totalCapillaries Density Thickness

9 0.31966 0.16225

Figure 6.7: Total measures of the image, in pixels

Mean Capillary Results

m_width m_height m _mthick std_thick
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5.1804 1.7995

Figure 6.8: Total measures of mean capillary of the image, in pixels
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Total width histogram from all capillaries

Hist_mean Hist std Hist median Hist_25quartile Hist_ 75quartile

5.2596 2.2968 5 4.7143 5.8787

Figure 6.9: Total measures of histogram of the image, in pixels

Histogram of all distances of all vessels
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Figure 6.10: Width histogram from all capillaries, in pixels

6.1.4 Total slope and total deviation

Finally, the total slope and the total deviation for the capillaries in the
image are calculated:

e Based on the slope of its bounding box

totalSlope totalDeviation

Figure 6.11: Total slope and total deviation based on the slope of its bounding box,
in rad
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e Based on the slope of the biggest diameter of its convex hull

totalSlope totalDeviation

Figure 6.12: Total slope and total deviation based on the biggest diameter of its
convex hull, in rad

e Based on the slopes of the pixels of the skeleton

totalsSlope30 totalDeviation30 totalSlope45 totalDeviation45

Figure 6.13: Total slope and total deviation based on the slopes of the pixels of the
skeleton, in rad

6.2 Results of image of normal and abnormal
capillaries

In the second image there is presence of both normal and abnormal
capillaries. Bellow follow the results of the system’s calculations.

Image Binarization Results

After following the preprocessing steps described on Chapter 4 the
image is thresholded and a binary image is obtained. Each capillary
detected is annotated with a label and we will further refer to it using
this number.
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(@) Original image acquired by
healthy individual. (b) Binary image with labels

6.2.1 Individual capillary measures

Basic features results

The width, the height, the number of holes, the mean thickness and
the standard deviation of the thickness are the first parameters to
be measured for each capillary separately. A table of the calculated
features follows:

No Width Height Holes max_thick m_thick std_thick
1 17 34 0 7:5 6.963 4.484¢9
2 27 66 0 7 5.8387 2.8753
3 21 36 0 9 7.6667 2.2654
B 19 20 0 10 7.7407 2.943
5 40 94 4 15.5 12.263 8.0388
6 18 34 0 2 fis | 6.037 37671
7 25 68 0 6 5.2295 1.0391
8 32 83 0 9 6.8228 2.8679
9 13 26 0 7 6.25 2.0166

10 19 58 0 8 8.1013 5.502

11 24 57 2 20 14.418 9.7657

12 14 49 0 6 4.8929 1.4731

Figure 6.15: Results of individual capillaries, measurements in pixels
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Slope calculations

The results of all three different approaches for calculating the slope
of the capillaries are presented in the following matrices.

e Based on the slope of its bounding box

capillaryNo bbSlope Slope length deviation

1 1.32 1.22 20.25 0.18
2 1.58 1.6l 86.05 0.2
3 1.29 1.22 20.76 0.18
4 1.28 1.32 69.12 0.08
5 1.23 1.2 55.31 0.21
6 1.37 1.34 25.71 0.07
7 1.45 1.35 41.47 0.05
8 1.33 1.43 55.58 0.03
9 1.77 1.76 26.48 0.36
10 1.5 1.57 42 0.17
11 1.05 1.03 23.32 0.37
12 1.85 1.78 19.42 0.38

Figure 6.16: Slope of capillaries based on their bounding boxes, in rad

e Based on the slope of the biggest diameter of its convex hull

cNo Slope length deviation

1 1.28 34.48 0.17
2 1.7 93.77 0.26
3 1.2 35.47 0.25
4 1025 70.52 0.19
5 152 85.73 0.17
6 d:52/6 26.25 0.18
7 1.38 58.05 0.06
8 1.45 56.44 0
9 1.63 48.09 0.19
10 1.48 65.28 0.03
11 1.18 36=17 0.26
12 225 20.62 0.81

Figure 6.17: Slope of capillaries based on their convex hull, in rad

e Based on the slopes of the pixels of the skeleton
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No mainSlope30 deviation30 mainSlope45 deviation45
1 1.05 0.55 1.05 0.45
2 1.25 0.35 1.25 0.25
3 1.15 0.45 1.35 0.15
4 1.85 0.25 1.35 0.15
S 2.1 0.5 1.75 0.25
6 1.15 0.45 1.75 0.25
7 1.25 0.35 1.25 0.25
8 1.15 0.45 1.15 0.35
9 1.15 0.45 1.15 0.35

10 1.15 0.45 1.55 0.05

11 1.85 0.25 1.55 0.05

12 1.55 0.05 1.55 0.05

Figure 6.18: Slope of capillaries based on the pixels of the skeleton, in rad

The above results were based on the following histograms formed
for every capillary.

Hist of slopes Hist of slopes Hist of sloj
10 e 60 L 35 Lo

55 Hist of slopes 5o Hist of slopes Hist of slopes

[ mean:1.2437
[ 510051134
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z

[ mean:1.45689
[ std:0.52407

[ mean:1.5138
[ 14:0.73626
z

[ mean:1.4374
I std:0 59354

[ mean:1.3971
I std-0 66167

[ mean:1.4434
| stq:0 64851

Figure 6.19: Histograms of slopes of skeleton pixels

6.2.2 Results comparison

A comparison on the results from the different approaches follows
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e Slope Calculation

No | Slope30 | Slope45 | Bounding Box Slope | Convex Hull Slope
1 1.05 1.05 1.22 1.28
2 1.25 1.25 1.61 1.7
3 1.15 1.35 1.22 1.2
4 1.85 1.35 1.32 1.25
5 2.1 1.75 1.2 1.27
6 1.15 1.75 1.34 1.26
7 1.25 1.25 1.35 1.38
8 1.15 1.15 1.43 1.45
9 1.15 1.55 1.76 1.63
10 1.15 1.15 1.57 1.48
11 1.85 1.55 1.03 1.18
12 1.55 1.55 1.78 2.25

e Standard Deviation

No | Slope30 | Slope45 | Bounding Box Slope | Convex Hull Slope
1 0.55 0.45 0.18 0.17
2 0.35 0.25 0.2 0.26
3 0.45 0.15 0.18 0.25
4 0.25 0.15 0.08 0.19
5 0.5 0.25 0.21 0.17
6 0.45 0.25 0.07 0.18
7 0.35 0.25 0.05 0.06
8 0.45 0.35 0.03 0
9 0.45 0.35 0.36 0.19
10 0.45 0.05 0.17 0.03
11 0.25 0.05 0.37 0.26
12 0.05 0.05 0.38 0.81

6.2.3 Total Image Results

For the image as a total, the features calculated were the following:

Total image results

totalCapillaries Density Thickness

2 0.29993 0.41741

Figure 6.20: Total measures of the image, in pixels
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Mean Capillary Results

m_width m_height m_mthick std_thick

22.417 52.083 7.6853 39199

Figure 6.21: Total measures of mean capillary of the image, in pixels

Total width histogram from all capillaries

Hist mean Hist std Hist median Hist 25quartile Hist 75quartile

8.5621 6.3399 74 5.9379 1921,

Figure 6.22: Total measures of histogram of the image, in pixels
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Figure 6.23: Width histogram from all capillaries, in pixels

6.2.4 Total slope and total deviation

Finally, the total slope and the total deviation for the capillaries in the
image are calculated:
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e Based on the slope of its bounding box

totalsSlope totalDeviation

Figure 6.24: Total slope and total deviation based on the slope of its bounding box,
in rad

e Based on the slope of the biggest diameter of its convex hull

totalSlope totalDeviation

Figure 6.25: Total slope and total deviation based on the biggest diameter of its
convex hull, in rad

e Based on the slopes of the pixels of the skeleton

totalSlope30 totalDeviation30 totalSlope45 totalDeviation45

Figure 6.26: Total slope and total deviation based on the slopes of the pixels of the
skeleton, in rad

6.3 Results of image of abnormal capillar-
ies

In the third image it is obvious that there have been severe alterations
on the structure of the capillaries. Bellow follow the results of the
system’s calculations.
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Image Binarization Results

After following the preprocessing steps described on Chapter 4 the
image is thresholded and a binary image is obtained. Each capillary
detected is annotated with a label and we will further refer to it using
this number.

(@) Original image acquired by
healthy individual. (b) Binary image with labels

6.3.1 Individual capillary measures

Basic features results

The width, the height, the number of holes, the mean thickness and
the standard deviation of the thickness are the first parameters to
be measured for each capillary separately. A table of the calculated
features follows:
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No Width Height Holes max_thick m_thick std_thick
1 39 109 4 12 9.9552 6.3287
2 24 54 1 11 8.8846 5.208
3 14 39 0 10 §.2143 5.8914
4 15 29 0 11 8.12 33332
5 52 57 1. 15 13.702 10.398
6 33 60 0 10 7.3108 3.955
7 52 115 2 16 14.46 10.283
8 52 76 9 119 14.889 9.3083
9 19 56 0 11 7.2245 2.1435

10 19 28 0 6 5.2045 2.6376

4. 17 44 0 13 7.1163 2.6114

Figure 6.28: Results of individual capillaries, measurements in pixels

Slope calculations

The results of all three different approaches for calculating the slope
of the capillaries are presented in the following matrices.

e Based on the slope of its bounding box

capillaryNo bbSlope Slope length deviation
1 1.68 1.64 62.13 0.14
2 1.58 1.53 22.52 0.25
3 2.29 2.2 32.2 0.42
4 2.19 2.11 40.82 0.33
5 2.01 1.91 95.97 0.13
© 1.15 1.2 65.55 0.58
7 1.76 1.68 46.27 0.1
8 2.05 1.%¢6 16.01 0.18
9 1.57 1.66 34.13 0.12
10 1.9%¢6 1.88 29.9 0.1
11 1.71 1.8 35.9 0.02

Figure 6.29: Slope of capillaries based on their bounding boxes, in rad

e Based on the slope of the biggest diameter of its convex hull
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cNo Slope length deviation
| 1.6 108.04 0.13
2 1.26 29.41 0.47
3 2.37 68.59 0.64
4 201 65.31 0.29
5 1.85 118.68 0.:13
6 1.23 15.27 0.49
7 1579 56.29 0.06
8 1.79 27.66 0.06
9 1.43 43.42 0.29
10 1.86 55.36 0.14
11 1.78 38.83 0.05

Figure 6.30: Slope of capillaries based on their convex hull, in rad

e Based on the slopes of the pixels of the skeleton

No mainsSlope30 deviation30 mainSlope45 deviation45
1 1.85 0.32 2.05 0.06
2 1.95 0.22 2.05 0.06
3 1.95 0.22 1.95 0.1¢6
4 1.95 0.22 1.95 0.16
5 2.05 0.12 2.05 0.06
6 2.05 0.12 2.05 0.06
7 2.05 0.12 2.05 0.06
8 2.75 0.58 2.05 0.06
9 1.9 0.27 2.4 0.29

10 2.75 0.58 2.65 0.54

11 0.5 1.67 3.1 0.99

Figure 6.31: Slope of capillaries based on the pixels of the skeleton, in rad

The above results were based on the following histograms formed
for every capillary.
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Hist of slopes
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Figure 6.32: Histograms of slopes of skeleton pixels

6.3.2 Results comparison

A comparison on the results from the different approaches follows

e Slope Calculation

No | Slope30 | Slope45 | Bounding Box Slope | Convex Hull Slope
1 1.85 2.05 1.64 1.6
2 1.95 2.05 1.53 1.26
3 1.95 1.95 2.2 2.37
4 1.95 1.95 2.11 2.01
5 2.05 2.05 1.91 1.85
6 2.05 2.05 1.2 1.23
7 2.05 2.05 1.68 1.79
8 2.75 2.05 1.96 1.79
9 1.9 2.4 1.66 1.43
10 2.75 2.65 1.88 1.86
11 0.5 3.1 1.8 1.78

e Standard Deviation
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No | Slope30 | Slope45 | Bounding Box Slope | Convex Hull Slope
1 0.32 0.06 0.14 0.13
2 0.22 0.06 0.25 0.47
3 0.22 0.16 0.42 0.64
4 0.22 0.16 0.33 0.29
5 0.12 0.06 0.13 0.13
6 0.12 0.06 0.58 0.49
7 0.12 0.06 0.1 0.06
8 0.58 0.06 0.18 0.06
9 0.27 0.29 0.12 0.29
10 0.58 0.54 0.1 0.14
11 1.67 0.99 0.02 0.05

6.3.3 Total Image Results

For the image as a total, the features calculated were the following:

Total image results

totalCapillaries Density Thickness

1d 0.28114 0.52512

Figure 6.33: Total measures of the image, in pixels

Mean Capillary Results

m_width m_height m_mthick std_thick

30.545 60.636 9.5528 5.6453

Figure 6.34: Total measures of mean capillary of the image, in pixels

Total width histogram from all capillaries

Hist_mean Hist_std Hist_median Hist_25quartile Hist_75quartile

11.307 8.3661 9 7.2245 13.702

Figure 6.35: Total measures of histogram of the image, in pixels
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Figure 6.36: Width histogram from all capillaries, in pixels

6.3.4 Total slope and total deviation

Finally, the total slope and the total deviation for the capillaries in the

image are calculated:

e Based on the slope of its bounding box

totalsSlope totalDeviation

1.78 0.22

Figure 6.37: Total slope and total deviation based on the slope of its bounding box,

in rad

e Based on the slope of the biggest diameter of its convex hull

totalSlope totalDeviation

1.72 0.25

Figure 6.38: Total slope and total deviation based on the biggest diameter of its

convex hull, in rad
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e Based on the slopes of the pixels of the skeleton

totalslope30

totalDeviation30

totalslope45

totalDeviation45

Figure 6.39: Total slope and total deviation based on the slopes of the pixels of the

skeleton, in rad
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Chapter 7

Discussion, Conclusion and Future
Work

This final chapter of the thesis includes some final conclusions that
are drawn after developing and testing the proposed method. As the
present thesis provides a solid foundation for future work we have also
included a section with recommendations for further research.

7.1 Conclusion

This work was focused on developing an automated system that could
analyse the capillaries located in the nailfold area. The end goal for
this particular system is to be used in the diagnostic process by physi-
cians in order to evaluate a person’s state of health. The system is able
to pre-process the images, segment them and finally perform a series
of measurements. After developing and testing the proposal, some of
the main conclusions that can be drawn are that the system can suc-
cessfully measure commonly used for the evaluation of the capillaries
features and has also introduced a new set of elements that can be cal-
culated on a capillaroscopic image. Thus, it has the potential to take
into consideration a general estimate of the capillaroscopic image as
well as focus on capillaries individually. As a result it can potentially
substitute the tedious and prone to errors process of measuring man-
ually these features and can also reduce the evaluation time required
by the physicians.
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7.2 Future Work

As the present thesis sets the foundations for a fully automated system
that can classify the capillaries of a capillaroscopic image, future work
concerns deeper analysis, testing and new approaches on the subject.
Bellow follow a list of proposals on future work that can help expand
and strengthen our results.

(1)

(if)

(iii)

(iv)

Testing on a larger dataset: We believe that the system should be
further tested using a larger dataset that would include images
of capillaries of patients that have been diagnosed with different
autoimmune diseases.

Calculation of additional features: Future research should cer-
tainly focus on extracting more features of the capillaries such as
the width of the arterial and the venous limb, the intercapillary
distance, the size of avascular areas and the presence of hemor-
rhages as the could play a critical role in the classification of a
vessel.

Classification: Further work could examine the potential of us-
ing machine learning techniques for classifying the vessels based
on the features calculated in the present thesis as well as other
additional ones.

Application development: As the final goal of this thesis is to de-
velop a fully automated system that can be used in the clinical
practise it is important to build a user-friendly app that the physi-
cians can easily install and use in their practise.
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Abbreviations and acronyms

The next list describes several abbreviations and acronyms that were
used within the body of the document

AARDA American Autoimmune Related Diseases Association
ACR American College of Rheumatology

ADWE Adaptive Damped Wave Equation

CDF Cumulative Distribution Function

CLAHE Contrast Limited Adaptive Histogram Equalization
DoB Difference of Boxes

DoG Difference of Gaussian

DWT Discrete Wavelet Transform

EULAR European League Against Rheumatism

LoG Laplacian of Gaussian

MCTD Mixed Connective Tissue Disease

NC Nailfold Capillaroscopy

NML Non Local Means

SLE Systemic Lupus Erythematous

SSc Systemic Sclerosis
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