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Abstract

Background: Skin microcirculation is considered an easily accessible vascular bed, which can potentially be repre-
sentative and helpful in evaluating, understanding the mechanisms of microvascular function and detection of its
dysfunction. Many studies claim that functional changes in cutaneous circulation precede the development of arterial
hypertension (HT). Identifying them at an early stage can enhance patients’ prognosis. There are methods which
can be applied for these purposes. We aimed to describe available methods of skin microcirculation assessment, in
the context of HT.

Material and methods: The PubMed database was searched till March 2022. Research articles used in the system-
atic review were experimental articles, reviews and abstracts from conference materials that reported the methods of
the microcirculation assessment. From 1131 records, 47 articles were included in the final review.

Results: This review identified that the microcirculation examined with various methods was dysfunctional in HT
patients. Standard HT treatment usually helped to achieve a partial reversal of those changes. Even though some of
the methods described are non-invasive and relatively affordable, still, none of them is the standard for HT diagnosis.
Conclusion: Each of the methods has its advantages and disadvantages. Photoplethysmography appears to be
promising. The method is non-invasive, cheap, does not require experience, and might be synchronized with mobile
devices. It is possible that the simplification of the device calibration process and the development of a method al-
lowing for the correct interpretation of the result, regardless of e.g., the patient’s skin color, could influence its wider

use in the group of HT patients.

Key words: arterial hypertension; microcirculation; skin; microvascular rarefaction

Introduction

Arterial hypertension (HT) is one of the most
common lifestyle diseases worldwide, including
Poland. According to World Health Organization,
as many as 1.28 billion adults worldwide were suffer-
ing from HT in 2011 — a half were unaware of their
disease. It is claimed that approximately 10 million
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of deaths annually are the result of improperly high
blood pressure values (BP) [1]. It is estimated that
the number of HT patients will exceed 1.5 billion
by 2025. Therefore, it classifies HT as a major glob-
al healthcare problem [2].

According to the WOBASZ II study, more than
40% of the adult Polish population were diagnosed
with HT. A constantly increasing trend of newly di-
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agnosed HT, besides diabetes mellitus, dyslipidemia
and tobacco use, account for one of the main cardio-
vascular risk factors [3]. Uncontrolled HT contrib-
utes to the development of severe organ damage, in-
cluding cardiac failure, myocardial infarction, brain
stroke, aorta damage, or hypertensive encephalopa-
thy. Organ complications are preceded by damage to
vessels and microvasculature [4].

The main role in vascular pathology is the dam-
age of two components that build the vascular wall:
endothelial and smooth muscle cells. In HT, damage
it is initially seen in small vessels, including micro-
vasculature, the so-called resistance vessels, formed
by arterioles, capillaries and venules, which diameter
does not exceed a few hundred pm [5]. The mi-
crocirculatory vessels mediate between the arterial
and venous vascular systems. They are responsible
for the oxygen and nutrients supplied to the tissues
and protection against major fluctuations in hydro-
static pressure, which could affect the exchange of
substances in the capillaries [5, 6]. In patients with
HT, the skin microcirculation is among the first to
be affected [7].

BP depends on vascular resistance and cardiac
output. Vascular resistance is regulated at the arte-
riolar level and is controlled by hormonal as well
as neural factors. Both, an increase in vascular re-
sistance and higher BP, result in more potent va-
soconstriction through autoregulation. Long-term
tension of vascular wall’s smooth muscle cells leads
to structural changes in these cells [8-10].

In hypertensive patients, a continuous decrease
in diameter or even complete closure of the vessel
lumen is observed due to a decrease in the ratio of
the thickness of the middle membrane to the vessel
lumen [10-14]. In addition, an increase in the tone
of smooth muscles of the vascular wall maintained
chronically in HT leads to remodeling, known as
eutrophic inward remodeling [14]. In the microcir-
culation of patients with HT, there is observed a re-
duction in the density of the capillary network, by
up to 10-20% in unit of volume of skin, conjunc-
tiva and skeletal muscle. The probable cause of this
phenomenon is a destruction of an already existing
vascular network due to shear forces [14-16].

A second reason for this phenomenon is a dis-
ruption of angiogenesis, caused by dysfunction of
the vascular endothelium [5]. The inner walls of all
vessels in the human body, including microcircu-
latory vessels, are covered by endothelial cells [5].
The long-term increase in BP in microcirculatory
vessels (> 30 mm Hg), due to mechanical stress,
damages endothelial cells. The endothelium has
numerous functions in the human body, includ-

ing endocrine functions related to the secretion of
substances responsible for coagulation regulation,
fibrinolysis, platelet aggregation, angiogenesis, im-
mune and inflammatory processes, up to a func-
tion related to the autoregulation of vascular tone
[5]. Therefore, its dysfunction impairs angiogenesis
and promotes vascular rarefaction, which may be
reversible in HT by antihypertensive treatment im-
plementation [17, 18].

Nitric oxide (NO) secreted by the endothelium
plays a major role in maintaining an appropri-
ate vascular wall tone. It increases vessel lumen
through vascular smooth muscle relaxation, thus
reducing vascular resistance [5]. When arterial
pressure in resistance vessels is increased due to
HT, endothelial cell swelling occurs, destroying
the vessel wall and exacerbating the inflammatory
cascade in the endothelium [5, 10]. As a result,
vascular homeostasis, maintained by vasoconstric-
tive (mainly endothelin) and vasodilatory (mainly
NO) substances secreted by the endothelium, is
disrupted. Other processes regulated by the endo-
thelium are also impaired resulting in increased risk
of thromboembolism or elevated production of free
radicals, intensifying the endothelial destruction
cascade. In consequence of endothelial cell dys-
function, the stimulation of smooth muscle prolif-
eration and an increased cellular matrix production
occur [5, 10]. Those microcirculatory remodeling
processes induced by shear forces and endotheli-
al damage, associated with disruption of mainly
endocrine endothelial function, lead to vasocon-
striction of resistance vessels, long-term increase
in systemic vascular resistance, damage of the mi-
crocirculation and as a consequence in decrease of
capillary density [5, 11].

The next stage of increased vascular resistance is
damage of larger vessels. This process, at the begin-
ning, is observed as an increase in vascular stiffness,
changes in the pulse wave image, and then, as a re-
sult of hemodynamic forces. Further dysfunction
and damage to the wall lead to the development of
atherosclerotic plaques. The development of athero-
sclerosis promotes the occurrence of numerous organ
complications in patients with HT [4]. The damages
connected with the development of diseases and car-
diovascular events influence not only the quality, but
also the lifespan of the patients [19].

Early diagnosis of microcirculatory changes, as
the first sign of the damage due to HT, is crucial
in HT patient assessment to prevent severe organ
damage. The article aims to give a systematic review
of available testing methods utilized in the group
of HT patients, which enables the assessment of
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Figure 1. Flow diagram of study selection.

the severity of HT complications on the level of mi-
crocirculation damage.

Material and methods

Inclusion criteria

The studies included in this systematic review
were: original articles, reviews and abstracts from
conference materials, published till March 2022. Ar-
ticle searches were limited to publications in English
and Polish. The articles were related to the study aim
and concerned various methods for assessment of
the skin microcirculation, their working principles,
applications, strengths and weaknesses. We included
studies involving adult patients, healthy volunteers
and adult hypertensive patients, in which microcir-
culation was evaluated using different methods.

Exclusion criteria
We excluded from our review case studies
and studies conducted on animal or in vitro models.

Article search strategy

Search location for articles was originating from
PubMed database. Screening and selection of ar-
ticles was conducted from March to June 2022.
The search MeSH descriptors were (“Investigative
Techniques”[MeSH Terms] OR “Diagnostic Tech-
niques and Procedures’[MeSH Terms]) AND “Hy-
pertension”[MeSH Terms] AND (“Microcircula-
tion”[MeSH Terms] OR “Microvascular Rarefac-
tion”[MeSH Terms]) obtaining 1131 records. Ad-

ditionally, the search was broadened by 8 articles,
which got included using the snowball method. We
reduced a systematic search to studies carried out
on humans, over 18 years old, clinic trials, reviews
and conference abstracts, published in English or
Polish, which identified 394 records. Duplicates
were removed. Three independent reviewers then
reviewed articles with relevant titles and abstracts.
The fourth researcher reviewed the selection in case
of disagreement. Articles with relevant titles and ab-
stracts were subsequently reviewed in full-text. Fi-
nally, 47 articles were included in this analysis. In
the presented review we listed only the methods
which described the studies held on a group of pa-
tients with HT. The study selection flowchart is
shown in Figure 1.

Results and discussion

Methods for the assessment of skin
microcirculation in hypertensive patients
Methods evaluating microcirculation in most
cases are based on a temporary occlusion and/or
dilatation of a vessel, which enables the assessment
of blood supply and changes in blood flow in the ex-
amined tissue. Non-invasive methods are usually
extended with additional components like: medica-
tions administered by the systemic route or provo-
cation testing [20]. Among the most common tests
we can distinguish:

Post-occlusive reactive hyperemia (PORH) — is
based on a vessel occlusion followed by its observa-

www.ah.viamedica.pl



arterial hypertension 2023, vol. 27, no. 1

tion with objective methods, temporarily increasing
skin circulation (reactive hyperemia) after the re-
lease of the blood flow blockage. It results in endo-
thelium-dependent vasodilatation of precapillaries,
which causes the recruitment of bigger amount of
capillaries. In normal conditions, the flow through
those vessels would be slower. The occlusion of a ves-
sel is performed by using a sphygmomanometer cuff,
typically on a shoulder. The vessel closure lasts at
least 5 minutes. An increase in blood circulation,
straight after the release of the cuff pressure, is con-
sidered correct. Among patients with HT, blood
flow is impaired instantly after the release of the oc-
clusion [21, 22].

Venous occlusion test (VO) — is based on eval-
uating the level of hyperemia of the investigated
tissue. The occlusion of venous vessels is performed
using a sphygmomanometer cuff, which is then less
inflated compared to the one used in PORH meth-
od. The smaller pressure allows to blocking flow only
in venous vessels.

Pressure-induced vasodilatation (PIV) — is based
on inducing of a temporary vasodilatation triggered
by the external skin compression. The etiology of
the observed hyperemia is multifactorial and is ex-
plained by a defensive mechanism for a short-term
ischemia. The reaction is impaired, especially in old-
er patients, which are the typical group for HT
occurrence.

Local thermal hyperemia (LTH) — is based on
a thermally triggered blood flow increase. The skin
is heated with a special probe. The highest effect is
achieved when the temperature reaches 42-44°C.
The two-stage reaction can be observed. The first
phase is a quick peak of the flow dependent on axon
reflex. The second phase, plateau, is determined by
a NO released by an endothelium. Vasodilatation
properties of the microcirculation are diminished in
the group of HT patients [23].

Tonophoresis of vasoactive agents (i.e., acetylcho-
line, sodium nitroprusside, L-arginine) — pharma-
cologic test for a vessel reactivity assessment. The dis-
solved substances of choice in the ionized form are
placed on clear skin. These ions penetrate percuta-
neously, with the help of an electric current, into
the vicinity of the vessels [20].

Laser Doppler flowmetry (LDF)

Laser Doppler flowmetry (LDF) is a non-inva-
sive method of microcirculation assessment using
the Doppler affect. The examination includes a real
time evaluation of the red blood cell flow in the ap-
proximate volume of 1 mm” tissue. The device emits
a beam of laser light which undergoes changes in

wavelength (Doppler shift) when it hits moving
blood cells. The reflected beam returns to the detec-
tor, where the reflected light spectrum is analyzed in
terms of distribution of wavelengths. On this basis,
the quantity and speed of red blood cells are evalu-
ated in a tissue as it generates the directly propor-
tional voltage. Then it’s illustrated as a flow spectrum
(blood supply of the examined area in perfusion
unit) in arbitrary Perfusion Units [24].

The test can be conducted on a surface of any
organ, but it’s usually performed on a skin. Simplic-
ity and non-invasiveness of the method causes that
it’s used to access an effectiveness of a treatment,
pharmacologic and non-pharmacologic ones, on
a microcirculation in case of different medical con-
ditions including HT. Unfortunately, the method is
characterized by poor spatial resolution as it captures
a small area of the tissue and then reproducibility.
The results assessing the circulation depending on an
examined area can differ up to 100% and depend on
the environmental conditions (i.e., body tempera-
ture, smoking, drinking caffeine), what additional-
ly hinder a correct measurement performance [24].

For many years LDF was utilized for examina-
tion of a microcirculation changes in HT patients,
mainly to assess a response to treatment. Cesarone
et al. while evaluating the response to treatment in
patients with HT found out that the blood flow in
the examined area was much lower comparing to
the healthy control group. Those parameters got
better after nifedipine administration [25]. Nahid
et al. assessed microcirculation in three different
groups of patients: elderly and healthy; long-term
HT and younger and healthy patients. They
used PORH test to evaluate reactive hyperemia.
The post-ischemic phase was registered by LDF as
the increase of detected signal (maximal flow af-
ter the occlusion), and then the signal returned
to the baseline. The difference between the HT
and the healthy group was significant, no matter if
it was compared to the healthy and young or elderly
group. At the same time there were no significant
differences between the healthy groups — young
and elderly. The authors concluded then that an
epithelial dysfunction of a microcirculation is not
age dependent [26]. Sieg-Dobrescu et al. observed
drop of post-ischemic circulation in the hypertensive
patients without treatment [27].

Laser Doppler imaging (LDI)

Laser Doppler imaging (LDI) is a method of mi-
crocirculation assessment based on LDFE LDI en-
ables to evaluate and visualize the perfusion of a big
area, much bigger than in case of LDE Thanks to
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that modification it is possible to assess the change of
the flows in microcirculation. Due to the necessity of
scanning of a bigger area, the drawback of the meth-
od is worse time resolution.

Aellen et al. examined the microcirculation,
and more precisely the density of capillaries, based on
video capillaroscopy and LDI in 3 patients’ groups:
A: healthy individuals; B: HT patients; C: patients
with HT and diabetes mellitus type 2. The authors
did not distinguish any significant differences be-
tween the groups. Occurrence of diabetes mellitus
type 2 among HT patients did not have influence on
worsening of microcirculation function [28].

Laser speckle contrast imaging (LSCI)

Laser speckle contrast imaging (LSCI) is
a microcirculation and endothelial function as-
sessment method, which is a combination of LDF
and LDI, but characterized by a very good time res-
olution (a measurement is instant), spatial resolution
(big examined area) and measurement repeatability
(29, 30]. The method uses laser and a high-resolu-
tion special camera. The targeted skin area is irradi-
ated with laser light, and then the two-dimensional
image of the circulation built by different speckles
is registered. The diversity and changes in intensity
of speckles of the same location enables to calcu-
late the velocity of the components. The contrasts
achieved in the image are interpreted as the per-
fusion. The lower the contrast, the higher the per-
fusion is. LSCI method enables to obtain up to
100 perfusion images per second. The circulation
is expressed in the same perfusion units as LDF or
LDI [29-31].

Lazaridis et al. evaluated the microcircula-
tion function using LSCI and PORH testing in
the group of patients with untreated, recently diag-
nosed, masked HT and healthy volunteers. The HT
status determined the microcirculation condition.
Patients with untreated and masked HT did not dif-
fer from each other and presented with impaired mi-
crocirculation function. The authors presented LSCI
as a new method, which could be useful in an evalu-
ation of microcirculation among HT patients [32].

Venous occlusion plethysmography (VOP)

Venous occlusion plethysmography (VOP) is
a method that evaluates the change in volume of
an extremity after venous occlusion (upper limb
— forearm area, less often lower limb). The occlu-
sion-induced changes in vascular hydrostatic pres-
sure allow for measuring blood flow and vascular
permeability in the skeletal muscles. Venous oc-
clusion of the arm (using a sphygmomanometer

cuff filled to 40 mm Hg) is interrupted at inter-
vals of several seconds. This makes the arterial in-
flow unchanged, and venous blood can flow into
the forearm. A linear increase in forearm volume
over time is observed, which volume is measured
by a plethysmograph. The test result presented as
flow in the unit ml/100ml forearm volume/minute.
Similar to the hyperemia test described above, an
increase in flow is observed correctly after occlusion
is inhibited [33].

The test is mainly used in a group of so-called
vascular patients, to assess venous capacitance, di-
agnose venous thrombosis, or evaluate the process
of recanalization of venous vessels. There are few
studies evaluating microcirculation based on VOP
in HT patients.

Junqueira et al. studied the correlation be-
tween markers of inflammation (CRP, endothelin,
adiponectin, I-CAM, and V-CAM) and parame-
ters assessing microcirculation obtained with VOP
— in a group of patients with HT. They compared
patients with refractory and mild-to-moderate NT
and normotensive patients. The lowest percentage of
the maximal blood flow was observed in the group
of patients with resistant HT. The groups did not
differ after the local injection of nitroglycerin. Pa-
tients with severe hypertension and uncontrolled BP
levels were characterized by a significant impairment
of vascular reactivity as assessed by VOP [34].

Photopletysmography (PPG)

Photopletysmography (PPG) is a non-invasive,
optic method enabling a microcirculation assess-
ment based on a blood volume changes in a vascular
bed of an examined tissue - the vessels located close
to a skin surface. In PPG a slight fluctuation con-
nected with an infrared light intensity are measured.
The changes are based on the perfusion shifts of
the tissue. During the examination, a probe emit-
ting the aforementioned light is placed on the skin.
The light waves are variously absorbed depending
on the structures they meet on their way (including
formed blood elements, skin pigments), so the ab-
sorption depends on a level of filling of a vascu-
lar bed. Then reflected waves are detected by PPG
sensor — a photodetector to measure the intensity
of reflected light from the tissue. The results are
presented as a curve representing changes of a blood
volume flowing through an examined area [35].

Zheleznykh et al. evaluated an influence of im-
plementation of a HT therapy (perindopril + in-
dapamide) on a microcirculation/endothelial func-
tion with PPG in the patients with HT. For this
purpose, they set an occlusion index, which provid-
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ed them information about the endothelial func-
tion and a reflection index, which value indicated
the vessel wall remodeling. To designate those values,
they measured and analyzed the pulse wave regis-
tered with PPG before and after the radial artery
closure. Those parameters examined by PPG got
improved after the drug administration [36] How-
ever, there are new studies revealing a correlation of
waves examined with PPG and systolic BP. A com-
bination of PPG and mobile devices sheds a new
light on the methods of BP measurement. Perhaps
in the near future PPG will replace the traditional
BP measure method and with its help patients will
can effectively identify and monitor HT [37-39].

The method is non-invasive, cheap and does not
require an experience. Additionally, it allows syn-
chronization with mobile devices. Nevertheless, due
to the numerous factors which can influence on
the achieved curve of an examined area (including
skin tone, clinical factors) and a need of calibration
for patients’ individualization, the method is still
not considered as fully reliable in a group of HT
patients [39].

Near-infrared spectroscopy (NIRS)

Near-infrared spectroscopy (NIRS) is a method of
the microcirculation evaluation used in case of brain
blood flow, including during a perioperative man-
agement [40]. The change of hemoglobin oxygen-
ation is evaluated. NIRS rely on constant, non-in-
vasive optic measurement, utilizing Lambert-Beer’s
law. The device emits waves with a length of
700-1300 nm. Those penetrate encountered organs
to the depth of 20-25 mm. The detector captures
changes in the absorption of light for hemoglobin,
myoglobin and AA; cytochrome in microcirculation,
what enables to assess the level of tissue oxygenation.
In practice there are two distinguished types of
NIRS. The first one, so called nonabsorbing NIRS
lets to assess different parameters including velocity
of blood flow in microcirculation. The second one,
absorbing NIRS, enables to determinate the level of
oxygenation and nutrition of tissues [41].

There are not many studies describing the NIRS
usage for microcirculation assessment among
the group of HT patients. Jones et al. utilized NIRS
to evaluate reactive hyperemia (PORH) of HT
patients and normotensive ones. Time needed to
achieve the peak after the occlusion cessation among
HT patients was significantly longer comparing to
the normotensive group. HT occurrence was con-
nected with an impaired vessel’s respond in skele-
tal muscles to occlusion. The researchers presented
NIRS as a non-invasive tool, which could enable to

detect changes in microcirculation in HT patients
[42]. There is still a lack of studies, which evaluate
a true prognostic value of the method.

Orthogonal polarization spectroscopy (OPS)
Orthogonal polarization spectroscopy (OPS) is
a method which utilizes polarized light of 548 nm
wavelength, which represents the length of light
absorbance of hemoglobin — both oxygenated
a deoxygenated one. Thanks to that, hemoglobin
becomes a contrast agent itself, what enables to vi-
sualize microcirculation and perfusion evaluation.
Emitted light undergoes the first polarization with
the help of lenses set, and then it is projected through
a beam splitter onto the examined area. When it hits
a tissue, it reflects, and then after passing through
the second lens it undergoes polarization once again.
Around 10% of light penetrates the tissue more
deeply and diffuses. Doubly polarized light gets to
the analyzer, from where it is projected into a CCD
video camera, where blood vessels of the microcir-
culation can be visualized. The observation of blood
cells movement accompanied by computer analysis
enables the assessment of the examined tissue [43,
44]. The method also provides such an option as
evaluation of vessel diameter or density of capillaries.
He et al. conducted a randomized double-blinded
study assessing if decreased salt intake is connected
with skin capillary rarefaction. The study group con-
sisted of white, black, and Asian individuals, all with
nontreated HT. To assess the density of capillary bed
they used OPS and capillaroscopy. In all of the group
they implemented salt intake reduction from 9.7 to
6.5 g/day. It resulted in the increase of density of
capillaries. The authors concluded that such a small
intervention (reduction of salt intake) can affect
a microcirculation and tissues perfusion [45]. That
is why the microcirculation evaluation is important
on the early stage. There are not many studies con-
ducted on a group of HT patients. Results depends
on movement artefacts and BP changes. Testing is
time consuming itself, what makes that method not
commonly used on that group of patients.

Optical coherence tomography (OCT)

Optical coherence tomography (OCT) is
anon-invasive, high resolution and sensitivity meth-
od. Light interference phenomenon is used for eval-
uation of microcirculation. Near-infrared light is
projected to the examined area. Waves reflected from
the surface are analyzed, what gives an information
about depth, at which the reflection took place.
It enables to create a spatial map of an examined
tissue. The method is mainly used by ophthalmolo-
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gists is eye fundus assessment as OCT angiography
(OCTA) [46].

Donati et al. used OCTA in assessment of mi-
crocirculation in HT patients in order to study
a role of early diagnosis of HT. The group consist-
ed of: 1 — patients with HT; 2 — healthy patients
(control group). Results indicated significant mi-
crocirculation rarefaction in case of the first group
of patients. Additionally, they had bigger avascular
zone than healthy patients. Mean foveal choroidal
thickness was much thinner in the group of HT
patients. Also mean retinal vascular thickness was
affected in the first group of patients. For these rea-
sons the researchers suggested that OCTA could
become a relevant screening test identifying an ear-
ly marker of systemic diseases [47]. Meta-analysis
of 11 studies comparing selected OCTA parame-
ters in the group of HT patients showed that eyes
of HT individuals have lower superficial and deep
vascular densities at the macula in comparison
with healthy patients. The authors also indicated
that OCTA was a useful tool in microcirculation
assessment in HT patients [48]. The changes ob-
served in eye microcirculation are consistent then
with those observed in skin microcirculation of
HT patients — in both cases it results in capillary
rarefaction.

Capillaroscopy

Capillaroscopy is a non-invasive method that
evaluates the microcirculation of the skin and mu-
cous membranes using a light microscope. The ex-
aminer mainly evaluates the capillaries of nail walls
of fingers II-V of both hands. They describe the con-
dition of the nail plate, capillary array and archi-
tecture, the number, quality, morphological type,
and tension of the capillary loops. Additionally, they
evaluate skin transparency and visibility [49, 50].

Microcirculation on repeated examinations
changes significantly during the course of the dis-
ease, unlike in healthy subjects. Capillaroscopy is
a simple and reproducible method of assessing mi-
crocirculation [50].

Mishra et al. compared patients with newly diag-
nosed hypertension with normotensive subjects on
capillaroscopy. In the study group, mean capillary
density (MCD) was significantly lower than in con-
trols. In addition, capillary morphological changes
were more common in HT patients (including me-
andering capillaries, non-vascular areas, dilated cap-
illaries, or microbleeds). In patients with hyperten-
sion, retinopathy and microalbuminuria, MCD was
lower, and dilated capillaries and nonvascular areas
were more frequently observed. The authors sug-

gested the usefulness of capillaroscopy in the early
detection of cardiovascular complications [51].

The study by He et al. cited when describing
the OPS method showed that reducing dietary salt
intake significantly increased capillary density in pa-
tients of three races with hypertension (black, white,
and yellow). The capillaroscopy results were consis-

tent with data obtained in the OPS study [45].

Videocapillaroscopy

Videocapillaroscopy is a modern variation of cap-
illaroscopic examination uses a camera, equipped
with a suitable lens, transmitting the image to
a computer monitor. The principles for conducting
the examination are identical to those in traditional
capillaroscopy. During the examination, we evalu-
ate functional capillary density (number of vessels
with flowing red blood cells in the examined area),
diameters of the loops in the nail walls, and speed of
flow of red blood cells. Compared to traditional cap-
illaroscopy, this method allows for higher magnifi-
cation and image modification with special software
and enables storage, transmission, printing, and later
comparison of results [52, 53].

Antonios et al. in their study showed that cap-
illary density and maximal capillary density, as as-
sessed by videocapillaroscopy, were significantly
lower in HT patients compared to healthy subjects.
The researchers suggest that the anatomical lack of
capillaries, rather than the lack of perfusion through
these vessels, is responsible for the observed lower
capillary density in this group of patients [54].

Both capillaroscopy and videocapillaroscopy of
the nail walls are effective tools for observing micro-
circulation in HT patients. However, the difficulties
associated with image interpretation due to the indi-
vidual variability of the vascular loop and the effects
of drugs (8-blockers and calcium channel blockers)
on vascular morphology mean that these studies
still have not found widespread use in the diagnosis

of hypertension [49, 55].

Thermography

Thermography is a simple, relatively sensitive,
and non-invasive method of evaluating microcircu-
lation. During the test, we assess the temperature of
selected body parts. A thermogram using a thermal
imaging camera captures infrared radiation emitted
or reflected by the area under examination and then
converts it into digital images of infrared radiation
on the skin (thermograms). This graphical visualiza-
tion enables the creation of a two-dimensional map
of skin temperature. Thus, the study allows indirect
assessment of heat flow in the skin microcirculation.
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The variability of the temperature measurement fol-
lows the pulsatile blood flow [56]. An abnormal tem-
perature of a particular area indicates disease [57].
The high cost of the equipment and the evaluation of
flow only in the superficial layers of the skin means
that clinicians rarely use this method [57].

Microcirculation in HT patients is rarely studied
using thermography. However, available studies show
that both static and dynamic thermography can help
assess microcirculatory changes in these patients.

Kirubha et al. evaluated the relationship between
temperature (measured with a thermograph) and BP.
They measured BP (systolic and diastolic) using
a mercury sphygmomanometer and an automatic
sphygmomanometer in a group of men and wom-
en aged 18-35. They determined two regions of
the forearm where, in both men and women, an
increase or decrease in BP correlated with an in-
crease or decrease in the temperature of the area
under study respectively. However, the temperature
variability was more pronounced in men than in
women. According to the authors, the results of
their study can be used in further research to develop
a device for non-contact BP measurement based on
infrared thermography [58].

In the study by Thiruvengadam et al., tempera-
ture values in HT patients from the neck, forearms,
or feet differed significantly from those in healthy
people. In addition, the authors suggest that a ther-
mograph may be beneficial for observing hyperten-
sion without taking traditional BP measurements.
In the model study, the authors obtained the high-
est measurement accuracy when combining variables
from dynamic thermographs, static thermographs,

and pulse wave velocity (PWV) [59].

Transcutaneous oxygen measurements (tcpO,)

Transcutaneous oxygen measurement (tcpO,) is
a method known since the 1970s; it was first applied
in intensive care units, to monitor the partial oxygen
concentration in new-borns. Measurement of tcpO2
determines the body’s ability to deliver oxygen to tis-
sues. In this method, we evaluate the amount of oxy-
gen diffusing from the capillaries, through the epider-
mis, to the electrode. The measurement can be made
in any part of the body, but the most common choice
is the skin of the sole surface of the foot. A tcpO2
between 50 and 70 mm Hg is considered a reference
range [60, 61]. TcpO?2 is an old, well-studied, sim-
ple, reproducible, but unfortunately, time-consum-
ing method of assessing microcirculation, which has
been used for many years in the evaluation of vascular
diseases (such as evaluating wound healing or the ef-
fectiveness of revascularization) [62].

Cesarone et al. used several methods to evaluate
skin microcirculation in patients with HT. TcpO2
was significantly lower in the group of patients
with HT than without it. In addition, patients
showed improvement in the measured parameters
after the inclusion of the calcium channel blocker

— nifedipine [25].

The flow mediated skin fluorescence (FMSF)

Both reduced (NADH) and oxidized (NAD+)
forms of nicotinamide adenine dinucleotide par-
ticipate in many essential reactions in human
cells. NADH is found in the cytoplasm, nucleus,
and mitochondria. Under aerobic conditions, two
electrons and a proton delivered by NADH are
transferred to the mitochondrial electron transport
chain to produce adenosine triphosphate (ATP)
particles required in cellular energy metabolism.
Generally, the NADH amount reflects mitochon-
drial function. However, during hypoxia and anox-
ia, mitochondrial oxidation of NADH to NAD+
is ceased, and NADH gradually accumulates in
the cells.

NADH absorbs ultraviolet light at 320-380
nm and emits fluorescent light in the 420-480 nm
range. The 460-nm fluorescence measurement esti-
mates NADH in solutions and tissues, including hu-
man skin. FMSF technique measures non-invasively
the 460-nm skin fluorescence at rest, during tran-
sient ischemia and reperfusion, giving an indirect
insight into microcirculation and mitochondrial
function [63].

The AngioExpert device acquires the FMSF (An-
gionica, Poland) emitting 340 nm UV light towards
the skin and measuring the induced autofluorescent
light at 460 nm corresponding to the NADH emis-
sion spectrum. The emitted 460-nm fluorescence
comes from the most superficial part of the papillary
dermis up to 0.5 mm of the skin depth. Shortly,
for the FMSM measurement, sitting participants
kept their left forearm motionless. After the rest-
ing recording, the brachial cuff on the same arm
was inflated for 100 seconds during the controlled
ischemia and deflated again for reperfusion. The in-
flation pressure, set at 60 mm Hg above pre-test
individual resting SBP9, compresses the brachial
artery and induces forearm ischemia distal to the oc-
clusion [64].

To quantify the FMSF response, we used the fol-
lowing parameters:

* Bmean [kFU] — mean baseline 460-nm fluores-
cence during rest;
¢ FImax [kFU] — the maximal 460-nm fluores-

cence during ischemia;
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Figure 2. An example of the 460 nm skin fluorescence recorded at rest, during 100-second transient ischemia and the following reperfusion in

healthy patient. Based on: [66]

¢ FRmin [kFU] — the minimal 460-nm fluores-
cence during reperfusion;

e Imax [kFU] — the difference between FImax
and Bmean;

e Rmin [kFU] — the difference between Bmean
and FRmin;

¢ IRampl [KFU] — the range of the 460-nm flu-
orescence change during ischemia and reperfu-
sion;

¢ Clmax — the rate of Imax to [Rampl show-
ing the relative contribution of the NADH in-
crease during ischemia to the maximal change
in NADH during ischemia and reperfusion
[65]. A diagram showing the above parameters is

shown in the Figure 2.

Pawlak-Chomicka et al. examined HT patients
before and after implementation of a therapy with
a selected medication: amlodipine, perindopril, me-
toprolol or nebivolol. The treatment using amlodip-
ine, perindopril and nebivolol did not influence
the parameters describing FMSF curve pattern, but
there was a significant change in case of metopr-
olol. During ischemia and reperfusion, there was
observed the raised this fluorescence at rest, which
indicated an increase in the total NADH skin con-
tent [66]. The method requires experienced person-
nel and appropriate equipment.

Conclusion

Early detection of pathology in the microcircula-
tory area is crucial for HT patients [7]. The sooner

pathology is detected, the earlier appropriate non-
or pharmacological treatment can be introduced
and the greater the chance of inhibiting or reversing
the pathologic changes [1, 2]. Appropriate manage-
ment, especially at an early stage, makes it possible
to reduce cardiovascular risk, thereby reducing hos-
pitalizations for cardiovascular incidents, which re-
sults in a reduction in the cost of care for this large
group of patients, but also has an impact on improv-
ing their quality of life, mobility and independence
(1, 2].

Each of the methods described in the review has
its advantages and disadvantages. Doppler methods
of microcirculation assessment (LDF, LDI, LSCI)
are non-invasive, and the results are relatively easy
to interpret, but each method has its limitations.
Additionally, they all require provocation tests.
VOP has a relatively complicated testing protocol.
NIRS, OPS, OCT, EMSE and thermography re-
quire special equipment. Capillaroscopy would seem
to be a simple and repeatable method, but there are
significant difficulties in interpreting the image of
the vessels of the nail fold due to individual diversity.
TcpO2 is a simple but time-consuming method.
Photoplethysmography appears to be promising.
The method is non-invasive, cheap, does not require
experience and might be synchronizes with mobile
devices [39]. It is possible that the simplification of
the device calibration process and the development
of a method allowing for the correct interpretation
of the result, regardless of e.g., the patient’s skin
color, could influence its wider use in the group of
HT patients.

www.ah.viamedica.pl



arterial hypertension 2023, vol. 27, no. 1

10

Declarations
The whole or part of the work was not previously
presented in the article.

Conflict of interest
None declared. All authors certify that they have no
affiliations with or involvement in any organization
or entity with any financial interest or non-financial
interest in the subject matter or materials discussed
in this manuscript.

Funding
The authors did not receive support from any orga-
nization for the submitted work.

Author contributions

All authors contributed to the study conception
and design. Material preparation, data collection
and analysis were performed by all authors. The first
draft of the manuscript was written by Katarzyna
Lewandowska, and all authors commented on pre-
vious versions of the manuscript. All authors read
and approved the final manuscript.

Acknowledgments
None.

References

1. Forouzanfar MH, Liu B Roth GA, et al. Global burden of hy-
pertension and systolic blood pressure of at least 110 to 115 mm
Hg, 1990-2015. JAMA. 2017; 317(2): 165-182, doi: 10.1001/
jama.2016.19043, indexed in Pubmed: 28097354.

2. Kearney B, Whelton M, Reynolds K, et al. Global burden of hy-
pertension: analysis of worldwide data. Lancet. 2005; 365(9455):
217-223, doi: 10.1016/s0140-6736(05)17741-1, indexed in
Pubmed: 15652604.

3. Niklas A, Flotyiska A, Puch-Walczak A, et al. WOBASZ 11
investigators. Prevalence, awareness, treatment and control of
hypertension in the adult Polish population — Multi-center
National Population Health Examination Surveys — WOBASZ
studies. Arch Med Sci. 2018; 14(5): 951-961, doi: 10.5114/
aoms.2017.72423, indexed in Pubmed: 30154875.

4. De Ciuceis C, Porteri E, Rizzoni D, et al. Structural alterations of
subcutaneous small-resistance arteries may predict major cardio-
vascular events in patients with hypertension. Am J Hypertens.
2007; 20(8): 846852, doi: 10.1016/j.amjhyper.2007.03.016,
indexed in Pubmed: 17679031.

5. Kumar V, Abbas AK, Aster JC. Robbins Basic Pathology. 10th
ed . Elsevier 2018.

6. Strain WD, Adingupu DD, Shore AC. Microcirculation on a large
scale: techniques, tactics and relevance of studying the microcir-
culation in larger population samples. Microcirculation. 2012;
19(1): 37-46, doi: 10.111 1/j.1549—8719.201 1.00140.x, indexed
in Pubmed: 21972935.

7. Jung E Pindur G, Ohlmann P, et al. Microcirculation in hy-
pertensive patients. Biorheology. 2013; 50(5-6): 241-255,
doi: 10.3233/BIR-130645, indexed in Pubmed: 24398607.

8. Davis MJ, Hill MA. Signaling mechanisms underlying
the vascular myogenic response. Physiol Rev. 1999; 79(2):
387-423, doi: 10.1152/physrev.1999.79.2.387, indexed in
Pubmed: 10221985.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Davis MJ, Wu X, Nurkiewicz TR, et al. Integrins and mechano-
transduction of the vascular myogenic response. Am J Physiol
Heart Circ Physiol. 2001; 280(4): H1427-H1433, doi: 10.1152/
ajpheart.2001.280.4.H1427, indexed in Pubmed: 11247750.
Feihl F, Liaudet L, Waeber B, et al. Hypertension. Hy-
pertension. 2006; 48(6): 1012-1017, doi: 10.1161/01.
hyp.0000249510.20326.72.

Renna NE de Las Heras N, Miatello RM. Pathophysiology
of vascular remodeling in hypertension. Int ] Hypertens.
2013; 2013: 808353, doi: 10.1155/2013/808353, indexed in
Pubmed: 23970958.

Heagerty AM, Aalkjaer C, Bund S, et al. Small artery structure in
hypertension. Dual processes of remodeling and growth. Hyper-
tension. 1993; 21(4): 391-397, doi: 10.1161/01.hyp.21.4.391,
indexed in Pubmed: 8458640.

Folkow B, Folkow B, Folkow B, et al. Importance of adaptive
changes in vascular design for establishment of primary hyper-
tension, studied in man and in spontaneously hypertensive rats.
Circ Res. 1973; 32(4): Suppl 1:2-Suppl 116, doi: 10.1007/978-
3-642-65441-1_23, indexed in Pubmed: 4576385.

Wigeek A, Januszewicz A, Szczepariska-Sadowska E. Hipertensjo-
logia : patogeneza, diagnostyka i leczenie nadcisnienia tgtniczego.
Medycyna Praktyczna, Krakéw 2015.

Levy BI, Ambrosio G, Pries AR, et al. Microcirculation in
hypertension: a new target for treatment? Circulation. 2001;
104(6): 735-740, doi: 10.1161/hc3101.091158, indexed in
Pubmed: 11489784.

Vicaut E. Microcirculation and arterial hypertension. Drugs.
1999; 59(Spec No): 1-10.

Debbabi H, Bonnin P, Levy BI. Effects of blood pressure control
with perindopril/indapamide on the microcirculation in hyper-
tensive patients. Am ] Hypertens. 2010; 23(10): 1136-1143,
doi: 10.1038/ajh.2010.115, indexed in Pubmed: 20508624.
Debbabi H, Uzan L, Mourad JJ, et al. Increased skin capillary
density in treated essential hypertensive patients. Am ] Hypertens.
2006; 19(5): 477-483, doi: 10.1016/j.amjhyper.2005.10‘021,
indexed in Pubmed: 16647618.

Coca Payeras A, Williams B, Mancia G, et al. Authors/Task
Force Members:, ESC Scientific Document Group . 2018 ESC/
ESH Guidelines for the management of arterial hypertension.
Eur Heart J. 2018; 39(33): 3021-3104, doi: 10.1093/eurheartj/
chy339, indexed in Pubmed: 30165516.

Turner J, Belch JJE Khan F Current concepts in assessment
of microvascular endothelial function using laser Doppler
imaging and iontophoresis. Trends Cardiovasc Med. 2008;
18(4): 109-116, doi: 10.1016/j.tcm.2008.02.001, indexed in
Pubmed: 18555183.

Takeshita A, Mark AL. Decreased vasodilator capacity of forearm
resistance vessels in borderline hypertension. Hypertension.
1980; 2(5): 610-616, doi: 10.1161/01.hyp.2.5.610, indexed in
Pubmed: 7419266.

Conway J. A vascular abnormality in hypertension. A study
of blood flow in the forearm. Circulation. 1963; 27(4 Pt
1): 520-529, doi: 10.1161/01.cir.27.4.520, indexed in
Pubmed: 140227438.

Smith CJ, Santhanam L, Bruning RS, et al. Upregulation of in-
ducible nitric oxide synthase contributes to attenuated cutaneous
vasodilation in essential hypertensive humans. Hypertension.
2011; 58(5): 935-942, doi: 10.1161/HYPERTENSIONA-
HA.111.178129, indexed in Pubmed: 21931069.

Grodzicki T, Necki M, Cwynar M, et al. [Laser doppler flow-
metry--repeatability of the method]. Przegl Lek. 2003; 60(2):
89-91, indexed in Pubmed: 12939854.

Cesarone MR, Laurora G, Belcaro GV. Microcirculation in sys-
temic hypertension. Angiology. 1992; 43(11): 899-903, doi: 1
0.1177/000331979204301104, indexed in Pubmed: 1443763.
Nahid MSEI, Ashmaui AEl The skin microcirculatory changes
in the normal and hypertensive elderly. Eur Geriatr Med. 2015;
6(1): 7-10, doi: 10.1016/j.eurger.2014‘06.001.

Sieg-Dobrescu D, Burnier M, Hayoz D, et al. The return of
increased blood pressure after discontinuation of antihyperten-

www.ah.viamedica.pl


http://dx.doi.org/10.1001/jama.2016.19043
http://dx.doi.org/10.1001/jama.2016.19043
https://www.ncbi.nlm.nih.gov/pubmed/28097354
http://dx.doi.org/10.1016/s0140-6736(05)17741-1
https://www.ncbi.nlm.nih.gov/pubmed/15652604
http://dx.doi.org/10.5114/aoms.2017.72423
http://dx.doi.org/10.5114/aoms.2017.72423
https://www.ncbi.nlm.nih.gov/pubmed/30154875
http://dx.doi.org/10.1016/j.amjhyper.2007.03.016
https://www.ncbi.nlm.nih.gov/pubmed/17679031
http://dx.doi.org/10.1111/j.1549-8719.2011.00140.x
https://www.ncbi.nlm.nih.gov/pubmed/21972935
http://dx.doi.org/10.3233/BIR-130645
https://www.ncbi.nlm.nih.gov/pubmed/24398607
http://dx.doi.org/10.1152/physrev.1999.79.2.387
https://www.ncbi.nlm.nih.gov/pubmed/10221985
http://dx.doi.org/10.1152/ajpheart.2001.280.4.H1427
http://dx.doi.org/10.1152/ajpheart.2001.280.4.H1427
https://www.ncbi.nlm.nih.gov/pubmed/11247750
http://dx.doi.org/10.1161/01.hyp.0000249510.20326.72
http://dx.doi.org/10.1161/01.hyp.0000249510.20326.72
http://dx.doi.org/10.1155/2013/808353
https://www.ncbi.nlm.nih.gov/pubmed/23970958
http://dx.doi.org/10.1161/01.hyp.21.4.391
https://www.ncbi.nlm.nih.gov/pubmed/8458640
http://dx.doi.org/10.1007/978-3-642-65441-1_23
http://dx.doi.org/10.1007/978-3-642-65441-1_23
https://www.ncbi.nlm.nih.gov/pubmed/4576385
http://dx.doi.org/10.1161/hc3101.091158
https://www.ncbi.nlm.nih.gov/pubmed/11489784
http://dx.doi.org/10.1038/ajh.2010.115
https://www.ncbi.nlm.nih.gov/pubmed/20508624
http://dx.doi.org/10.1016/j.amjhyper.2005.10.021
https://www.ncbi.nlm.nih.gov/pubmed/16647618
http://dx.doi.org/10.1093/eurheartj/ehy339
http://dx.doi.org/10.1093/eurheartj/ehy339
https://www.ncbi.nlm.nih.gov/pubmed/30165516
http://dx.doi.org/10.1016/j.tcm.2008.02.001
https://www.ncbi.nlm.nih.gov/pubmed/18555183
http://dx.doi.org/10.1161/01.hyp.2.5.610
https://www.ncbi.nlm.nih.gov/pubmed/7419266
http://dx.doi.org/10.1161/01.cir.27.4.520
https://www.ncbi.nlm.nih.gov/pubmed/14022748
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.178129
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.178129
https://www.ncbi.nlm.nih.gov/pubmed/21931069
https://www.ncbi.nlm.nih.gov/pubmed/12939854
http://dx.doi.org/10.1177/000331979204301104
http://dx.doi.org/10.1177/000331979204301104
https://www.ncbi.nlm.nih.gov/pubmed/1443763
http://dx.doi.org/10.1016/j.eurger.2014.06.001

Katarzyna Lewandowska et al. Microcirculation in patients with hypertension

28.

29.

30.

31.

32.

33.

34.

35.

30.

37.

38.

39.

40.

41.

42.

sive treatment is associated with an impaired post-ischemic skin
blood flow response. ] Hypertens. 2001; 19(8): 1387-1392,
doi: 10.1097/00004872-200108000-00006, indexed in
Pubmed: 11518846.

Aellen J, Dabiri A, Heim A, et al. Preserved capillary density
of dorsal finger skin in treated hypertensive patients with
or without type 2 diabetes. Microcirculation. 2012; 19(6):
554-562, doi: 10.111 l/j.1549—8719.2012.00188.){, indexed in
Pubmed: 22578093.

Mahé G, Humeau-Heurtier A, Durand S, et al. Assessment
of skin microvascular function and dysfunction with laser
speckle contrast imaging. Circ Cardiovasc Imaging. 2012; 5(1):
155-163, doi: 10.1161/CIRCIMAGING.111.970418, indexed
in Pubmed: 22253335.

Millet C, Roustit M, Blaise S, et al. Comparison between laser
speckle contrast imaging and laser Doppler imaging to assess skin
blood flow in humans. Microvasc Res. 2011; 82(2): 147-151,
doi: 10.1016/j.mvr.2011.06.006, indexed in Pubmed: 21745482.
Roustit M, Cracowski JL. Non-invasive assessment of skin
microvascular function in humans: an insight into methods.
Microcirculation. 20125 19(1): 47-64, doi: 10.1111/j.1549-
8719.2011.00129.x, indexed in Pubmed: 21883640.

Lazaridis A, Triantafyllou A, Dipla K, et al. Skin microvascular
function, as assessed with laser speckle contrast imaging, is im-
paired in untreated essential and masked hypertension. Hypertens
Res. 2022; 45(3): 445—454, doi: 10.1038/s41440-021-00816-w,
indexed in Pubmed: 34916663.

Wilkinson IB, Webb DJ. Venous occlusion plethysmography in
cardiovascular research: methodology and clinical applications. Br
J Clin Pharmacol. 2001; 52(6): 631-646, doi: 10.1046/j.0306-
5251.2001.01495.x, indexed in Pubmed: 11736874.
Junqueira C, Magalhaes M, Brandao A, et al. [PR.36.15] Venous
occlusion plethysmography and biomarkers as evaluation methods
of endothelium function in patients with arterial hypertension.
J Hypertens. 2016; 34(Suppl 2): €339-¢340, doi: 10.1097/01.
hjh.0000492341.04091.a9.

Allen J. Photoplethysmography and its application in clini-
cal physiological measurement. Physiol Meas. 2007; 28(3):
R1-39, doi: 10.1088/0967-3334/28/3/R01, indexed in
Pubmed: 17322588.

Zheleznykh EA, Danilogorskaya YA, Privalova EV, et al. Com-
bination Antihypertensive Therapy with Perindopril and In-
dapamide in Patients with Essential Hypertension: Effect on
Endothelial and Cognitive Markers of Vascular Improvement.
Adv Ther. 2018;35(10): 1698-1712, doi: 10.1007/s12325-018-
0773-2, indexed in Pubmed: 30128642.

Elgendi M, Fletcher R, Liang Y, et al. The use of photopleth-
ysmography for assessing hypertension. NPJ Digit Med.
2019; 2: 60, doi: 10.1038/s41746-019-0136-7, indexed in
Pubmed: 31388564.

Liang Y, Chen Z, Ward R, et al. Hypertension Assessment
Using Photoplethysmography: A Risk Stratification Approach.
J Clin Med. 2018; 8(1), doi: 10.3390/jcm8010012, indexed in
Pubmed: 30577637.

Hosanee M, Chan G, Welykholowa K, et al. Cuffless Sin-
gle-Site Photoplethysmography for Blood Pressure Monitoring.
J Clin Med. 2020; 9(3), doi: 10.3390/jcm9030723, indexed in
Pubmed: 32155976.

Duarte-Gamas L, Pereira-Neves A, Sousa J, et al. The Diagnos-
tic Accuracy of Intra-Operative Near Infrared Spectroscopy in
Carotid Artery Endarterectomy Under Regional Anaesthesia:
Systematic Review and Meta-Analysis. Eur ] Vasc Endovasc Surg.
2021;62(4): 522-531, doi: 10.101 6/j.¢jvs.2021 .05.042, indexed
in Pubmed: 34284934.

Suneetha D, Murthy P. Blood Pressure Meter Using Near-Infrared
Spectroscopy Sensors. Int J Adv Res. 2016; 4(12): 475-478,
doi: 10.21474/ijar01/2417.

Jones S, Park C, Chaturvedi N, et al. p77 Near infrared spec-
troscopy (NIRS) can detect differences in microvascular reactive
hyperaemia in the presence of hypertension. Artery Research.
2017; 20(C): 74, doi: 10.1016/j.artres.2017.10.093.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Cerny V, Turek Z, Patizkové R. Orthogonal polarization spectral
imaging. Physiol Res. 2007; 56(2): 141-147, doi: 10.33549/
physiolres.930922, indexed in Pubmed: 16555953.

Knotzer H, Hasibeder WR. Microcirculatory function monitor-
ing at the bedside--a view from the intensive care. Physiol Meas.
2007; 28(9): R65-R86, doi: 10.1088/0967-3334/28/9/R01,
indexed in Pubmed: 17827646.

He FJ, Marciniak M, Markandu ND, et al. Effect of modest salt
reduction on skin capillary rarefaction in white, black, and Asian
individuals with mild hypertension. Hypertension. 2010; 56(2):
253-259, doi: 10.1161/HYPERTENSIONAHA.110.155747,
indexed in Pubmed: 20585106.

Podoleanu AGh. Optical coherence tomography. ] Microsc. 2012;
247(3): 209-219, doi: 10.1111/j.1365-2818.2012.03619.x,
indexed in Pubmed: 22708800.

Donati S, Maresca AM, Cattaneo J, et al. Optical coherence
tomography angiography and arterial hypertension: A role in
identifying subclinical microvascular damage? Eur J Ophthal-
mol. 2021;31(1): 158-165, doi: 10.1177/1120672119880390,
indexed in Pubmed: 31617414.

Tan W, Yao X, Le TT, et al. The Application of Optical
Coherence Tomography Angiography in Systemic Hyper-
tension: A Meta-Analysis. Front Med (Lausanne). 2021;
8: 778330, doi: 10.3389/fmed.2021.778330, indexed in
Pubmed: 34859021.

Cutolo M, Sulli A, Secchi ME, et al. The contribution of
capillaroscopy to the differential diagnosis of connective auto-
immune diseases. Best Pract Res Clin Rheumatol. 2007; 21(6):
1093-1108, doi: 10.101 6/j.berh.2007. 10.001, indexed in
Pubmed: 18068864.

Cutolo M, Smith V, Sulli A, et al. Atlas of capillaroscopy in
rheumatic diseases: state of the art. Z Rheumatol. 2006; 65(4):
290-296.

Mishra A, Grover C, Singal A, et al. Nailfold capillary changes
in newly diagnosed hypertensive patients: An observational ana-
lytical study. Microvasc Res. 2021; 136: 104173, doi: 10.1016/j.
mvr.2021.104173, indexed in Pubmed: 33895230.

Humbert B, Sainthillier JM, Mac-Mary S, et al. Capillaroscopy
and videocapillaroscopy assessment of skin microcirculation:
dermatologic and cosmetic approaches. ] Cosmet Dermatol.
2005;4(3): 153-162, doi: 10.111 1/j. 1473-2165.2005.00303 %,
indexed in Pubmed: 17129259.

Gallucci E Russo R, Buono R, et al. Indications and results of
videocapillaroscopy in clinical practice. Adv Med Sci. 2008;
53(2): 149-157, doi: 10.2478/v10039-008-0038-4, indexed in
Pubmed: 18842560.

Antonios TFT, Nama V, Wang D, et al. Structural skin capil-
lary rarefaction in essential hypertension. Hypertension. 1999;
33(4): 998-1001, doi: 10.1161/01.hyp.33.4.998, indexed in
Pubmed: 10205237.

Neubauer-Geryk ], Hoffmann M, Wielicka M, et al. Current
methods for the assessment of skin microcirculation: Part 1.
Postepy Dermatol Alergol. 2019; 36(3): 247-254, doi: 10.5114/
ada.2019.83656, indexed in Pubmed: 31333339.

Ring EFJ, Ammer K. Infrared thermal imaging in medicine.
Physiol Meas. 2012; 33(3): R33-R46, doi: 10.1088/0967-
3334/33/3/R33, indexed in Pubmed: 22370242.

Lahiri BB, Bagavathiappan S, Jayakumar T, et al. Medical applica-
tions of infrared thermography: A review. Infrared Phys Technol.
2012; 55(4): 221-235, doi: 10.1016/j‘inﬁ‘ar€d.2012.03.007,
indexed in Pubmed: 32288544.

Kirubha SPA, Akash T, Roy B, et al. Infrared Thermography for
Correlating Blood Pressure and Temperature. 2020 International
Conference on Communication and Signal Processing (ICCSP).
2020, doi: 10.1 109/iccsp48568.2020.9 182223.
Thiruvengadam J, Mariamichael A. A preliminary study for
the assessment of hypertension using static and dynamic TR
thermograms. Biomed Tech (Berl). 2018; 63(2): 197-206,
doi: 10.1515/bmt-2016-0237, indexed in Pubmed: 28675748.
Southall DP, Bignall S, Stebbens VA, et al. Pulse oximeter and trans-

cutaneous arterial oxygen measurements in neonatal and paedi-

www.ah.viamedica.pl

11


http://dx.doi.org/10.1097/00004872-200108000-00006
https://www.ncbi.nlm.nih.gov/pubmed/11518846
http://dx.doi.org/10.1111/j.1549-8719.2012.00188.x
https://www.ncbi.nlm.nih.gov/pubmed/22578093
http://dx.doi.org/10.1161/CIRCIMAGING.111.970418
https://www.ncbi.nlm.nih.gov/pubmed/22253335
http://dx.doi.org/10.1016/j.mvr.2011.06.006
https://www.ncbi.nlm.nih.gov/pubmed/21745482
http://dx.doi.org/10.1111/j.1549-8719.2011.00129.x
http://dx.doi.org/10.1111/j.1549-8719.2011.00129.x
https://www.ncbi.nlm.nih.gov/pubmed/21883640
http://dx.doi.org/10.1038/s41440-021-00816-w
https://www.ncbi.nlm.nih.gov/pubmed/34916663
http://dx.doi.org/10.1046/j.0306-5251.2001.01495.x
http://dx.doi.org/10.1046/j.0306-5251.2001.01495.x
https://www.ncbi.nlm.nih.gov/pubmed/11736874
http://dx.doi.org/10.1097/01.hjh.0000492341.04091.a9
http://dx.doi.org/10.1097/01.hjh.0000492341.04091.a9
http://dx.doi.org/10.1088/0967-3334/28/3/R01
https://www.ncbi.nlm.nih.gov/pubmed/17322588
http://dx.doi.org/10.1007/s12325-018-0773-2
http://dx.doi.org/10.1007/s12325-018-0773-2
https://www.ncbi.nlm.nih.gov/pubmed/30128642
http://dx.doi.org/10.1038/s41746-019-0136-7
https://www.ncbi.nlm.nih.gov/pubmed/31388564
http://dx.doi.org/10.3390/jcm8010012
https://www.ncbi.nlm.nih.gov/pubmed/30577637
http://dx.doi.org/10.3390/jcm9030723
https://www.ncbi.nlm.nih.gov/pubmed/32155976
http://dx.doi.org/10.1016/j.ejvs.2021.05.042
https://www.ncbi.nlm.nih.gov/pubmed/34284934
http://dx.doi.org/10.21474/ijar01/2417
http://dx.doi.org/10.1016/j.artres.2017.10.093
http://dx.doi.org/10.33549/physiolres.930922
http://dx.doi.org/10.33549/physiolres.930922
https://www.ncbi.nlm.nih.gov/pubmed/16555953
http://dx.doi.org/10.1088/0967-3334/28/9/R01
https://www.ncbi.nlm.nih.gov/pubmed/17827646
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.155747
https://www.ncbi.nlm.nih.gov/pubmed/20585106
http://dx.doi.org/10.1111/j.1365-2818.2012.03619.x
https://www.ncbi.nlm.nih.gov/pubmed/22708800
http://dx.doi.org/10.1177/1120672119880390
https://www.ncbi.nlm.nih.gov/pubmed/31617414
http://dx.doi.org/10.3389/fmed.2021.778330
https://www.ncbi.nlm.nih.gov/pubmed/34859021
http://dx.doi.org/10.1016/j.berh.2007.10.001
https://www.ncbi.nlm.nih.gov/pubmed/18068864
http://dx.doi.org/10.1016/j.mvr.2021.104173
http://dx.doi.org/10.1016/j.mvr.2021.104173
https://www.ncbi.nlm.nih.gov/pubmed/33895230
http://dx.doi.org/10.1111/j.1473-2165.2005.00303.x
https://www.ncbi.nlm.nih.gov/pubmed/17129259
http://dx.doi.org/10.2478/v10039-008-0038-4
https://www.ncbi.nlm.nih.gov/pubmed/18842560
http://dx.doi.org/10.1161/01.hyp.33.4.998
https://www.ncbi.nlm.nih.gov/pubmed/10205237
http://dx.doi.org/10.5114/ada.2019.83656
http://dx.doi.org/10.5114/ada.2019.83656
https://www.ncbi.nlm.nih.gov/pubmed/31333339
http://dx.doi.org/10.1088/0967-3334/33/3/R33
http://dx.doi.org/10.1088/0967-3334/33/3/R33
https://www.ncbi.nlm.nih.gov/pubmed/22370242
http://dx.doi.org/10.1016/j.infrared.2012.03.007
https://www.ncbi.nlm.nih.gov/pubmed/32288544
http://dx.doi.org/10.1109/iccsp48568.2020.9182223
http://dx.doi.org/10.1515/bmt-2016-0237
https://www.ncbi.nlm.nih.gov/pubmed/28675748

arterial hypertension 2023, vol. 27, no. 1

12

61.

62.

63.

atric intensive care. Arch Dis Child. 1987; 62(9): 882-888,
doi: 10.1136/adc.62.9.882, indexed in Pubmed: 3674942.

Fife CE, Smart DR, Sheffield PJ, et al. Transcutaneous oximetry
in clinical practice: consensus statements from an expert panel
based on evidence. Undersea Hyperb Med. 2009; 36(1): 43-53.
Grolman RE, Wilkerson DK, Taylor J, et al. Transcutaneous
oxygen measurements predict a beneficial response to hyperbaric
oxygen therapy in patients with nonhealing wounds and critical
limb ischemia. Am Surg. 2001; 67(11): 1072-9; discussion 1080,
indexed in Pubmed: 11730224.

Mayevsky A, Chance B. Oxidation-reduction states of NADH
in vivo: from animals to clinical use. Mitochondrion. 2007;
7(5): 330339, doi: 10.1016/j.mit0.2007.05.001, indexed in
Pubmed: 17576101.

64.

65.

66.

Piotrowski L, Urbaniak M, Jedrzejczak B, et al. Note: Flow
mediated skin fluorescence — A novel technique for eval-
uation of cutaneous microcirculation. Rev Sci Instrum.
2016; 87(3): 036111, doi: 10.1063/1.4945044, indexed in
Pubmed: 27036844.

Nizinski J, Filberek B Sibrecht G, et al. Non-invasive in vivo
human model of post-ischaemic skin preconditioning by mea-
surement of flow-mediated 460-nm autofluorescence. Br J Clin
Pharmacol. 2021; 87(11): 4283-4292, doi: 10.1111/bcp.14845,
indexed in Pubmed: 33792076.

Pawlak-Chomicka R, Krauze T, Uruski P, et al. The Effect of
Antihypertensive Drugs on NADH in Newly Diagnosed Pri-
mary Hypertension. Cardiol Res Pract. 2022; 2022: 6159883,
doi: 10.1155/2022/6159883, indexed in Pubmed: 35402043.

www.ah.viamedica.pl


http://dx.doi.org/10.1136/adc.62.9.882
https://www.ncbi.nlm.nih.gov/pubmed/3674942
https://www.ncbi.nlm.nih.gov/pubmed/11730224
http://dx.doi.org/10.1016/j.mito.2007.05.001
https://www.ncbi.nlm.nih.gov/pubmed/17576101
http://dx.doi.org/10.1063/1.4945044
https://www.ncbi.nlm.nih.gov/pubmed/27036844
http://dx.doi.org/10.1111/bcp.14845
https://www.ncbi.nlm.nih.gov/pubmed/33792076
http://dx.doi.org/10.1155/2022/6159883
https://www.ncbi.nlm.nih.gov/pubmed/35402043

	OLE_LINK6

