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Assessment of Human Skin Microcirculation
and Its Endothelial Function Using Laser
Doppler Flowmetry
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1. Introduction

Human skin is the largest organ of the body: it accounts for approximately 5% of the total
body weight, extends over about 1.8 m? and has an average thickness of 1-2 mm. Besides
providing the mechanical barrier to protect the surface of the body and to prevent water loss
it has other important functions. It is engaged in sensory perception and vitamin D
metabolism, in inflammation, hemostasis and wound healing. Its role in human
thermoregulation is essential (Roddie, 1983; Rowell, 1993).

The major role of blood flow to the skin is therefore concerned with temperature regulation.
Accordingly, it is not surprisingly that blood flow to the skin goes far beyond its nutritive
demands. The nutritive blood flow is estimated to comprise only 20% of the skin blood flow
(SkBF), whereas the rest represents the functional blood flow. On the whole, the SkBF has
been estimated to amount to 0.3 I/min at rest in thermoneutral conditions. During exposure
to cold it can be reduced to almost zero, whereas it can increase up to 8 1/min during
strenous exercise in a hot environment. It is thus obvious that it plays an important role in
hemodynamics, since during strenous exercise and in severe heat stress it can comprise over
50% of the cardiac output, as compared to only 5% in resting thermoneutral conditions
(Johnson, 1996; Rowell, 1993). The range of flows is therefore wide, and, in extreme
conditions, high SkBF also represents a burden on the working heart. Indeed, many persons
with borderline cardiac failure develop severe failure in a hot weather because of the extra
load on the heart and then revert from failure in cool weather. As one of the major functions
of the skin is to eliminate excessive heat, its temperature is generally under 37°C.

In recent years, the cutaneous microcirculation has gained increasing interest. Its easy and
noninvasive accessibility renders skin microcirculation an ideal site for measuring.
Moreover, as a dynamic structure it may serve as a model for generalized microvascular
function as studies have shown a correlation of vascular reactivity between different
vascular beds over the body (coronary arteries, brachial artery and skin microcirculation to
list a few of them) in health and disease, at least with regard to endothelial function
(Holowatz et al., 2008).

There is a constant competition between thermoregulatory and non-thermoregulatory
challenges. Many different mechanisms, ranging from systemic to local factors, play in
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concert to balance these two demands and to eliminate redundant heat. This duality also
explains the complex ultrastructure of the skin (Braverman, 1997). SkBF is regulated by
centrally mediated neural mechanisms and by local humoral factors. Of local factors, the
endothelium plays a pivotal role in the regulation of vascular tone. In spite of immense
effort that was put in the investigation of endothelial function of skin microcirculation
there are still many mysteries to be resolved. However, the term endothelial function is
mostly used to refer to the ability of the endothelium to release substances that induce
vasodilation by directly causing relaxation of the underlaying smooth muscle cells (SMC)
(Crakowski et al., 2006).

Elucidating the role of endothelial vasodilators and their interactions as well as assessing
endothelial function in human skin microcirculation is also important from the clinical point
of view as early detectable endothelial dysfunction might precede clinical manifestation of
the disease states.

One of the measures to improve endothelial dysfunction due to reduced nitric oxide (NO)
bioavailability is regular physical activity. Nevertheless, the results on the impact of
endurance training to the endothelium-dependent vasodilation, particularly in skin
microcirculation of healthy persons, are controversial and the mechanisms induced by
training remain to be elucidated.

Over the last years, new advanced techniques and strategies emerged in order to explain the
function, the cell-to-cell communication and the complex interaction between
pharmacological mediators in cutaneous microvasculature. Although different methods
exist that tend to estimate skin blood flow none is optimal. A gold standard to evaluate skin
microcirculation and its reactivity to various stimuli is laser Doppler flowmetry (LDF).

2. Skin microcirculation
2.1 Anatomy and physiology of skin microcirculation

The skin microcirculation is an anastomotic network of vessels with many crucial functions
for the human as a whole. Namely, with its large capacity, it has to maintain nutrition of the
epidermis and its adnexa, it is essential for human thermoregulation, in takes a major part in
inflammation and wound healing, and, last but not least, it plays an important role in the
determination of peripheral resistance. From all the above, it is obvious that the blood flow
must be finely regulated and tuned in order to fulfill all the demands of the organism.

Because of its dimension, skin vasculature belongs to microcirculation only. It comprises
arterioles, capillaries and venules (Braverman, 1997). The microvessels in the papillary
dermis vary in diameter from 10 to 35 um, but most range from 17 to 22 pm.

The cutaneous arteries arise from the subcutaneous tissue and enter the dermis to form the
cutaneous arterial plexuses. The arterioles and venules of the cutaneous microcirculation
form two important horizontal plexuses parallel to the skin surface: an upper horizontal
plexus in the papillary dermis (subepidermal or subpapillary plexus) from which the
nutritive capillary loops arise and a lower horizontal plexus at the dermal-subcutaneous
border. These two plexuses communicate with each other with arterioles and venules and
represent the physiologically important areas in the skin (Braverman, 1997).
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Capillaries connect the arteriolar subpapillary plexus with the venous subpapillary plexus,
and single capillary loops ascend to each papilla. They have a mean length of approximately
0.2 mm to 0.4 mm and each supplies on average 0.04 to 0.27 mm? of the skin surface.

Special feature of human skin microcirculation are arteriovenous anastomoses (AVAs).
These are direct connections between arterioles and venules of the deep epidermal plexus
and have thick muscular and richly innervated walls. They provide a low resistance short
circuit for the passage of blood from arterioles to venules at high flow rates, as in response
to body heating (Braverman, 1997; Roddie, 1983). They are found mainly in the apical
regions of the skin (hands, feet, nose, lips and ears) and are most numerous in the nail beds,
tips of digits, and palmar surfaces of digits, palms and soles, but they are almost absent
from the dorsum of these areas.

The microvasculature of the skin varies significantly in different regions of the body, with
respect to density and architecture of the vascular network as well as regarding blood flow.
With respect to their structure and physiologic role, different skin parts could be divided
into glabrous and nonglabrous areas: nonglabrous or hairy areas are areas over the skin of
the trunk and extremities, whereas glabrous or nonhairy skin areas are found in palms, soles
and lips. These regions differ with regard to the vascular control mechanisms. Nevertheless,
there is not a discernible function that can be ascribed to one or another region.

2.2 Control of skin blood flow

As an important part of the cardiovascular system, SkBF undergoes periodic demands for
increased and decreased blood flow in order to achieve cardiovascular adjustments during
thermoregulatory challenges, during orthostasis and exercise.

Since SkBF takes part in the above-mentioned systemic reflexes its blood flow is mainly
regulated by neural mechanisms rather than by local factors. However, local factors, in the
first line factors released from the vascular endothelium and various substances co-
transmitted from local nerve endings, can strongly modulate this general response to
systemic challenges.

2.2.1 Neural control mechanisms

With respect to the anatomical organisation of skin microcirculation, there are principally
two types of neural control mechanisms (Johnson & Kellogg, 2010; Kellog, 2006).

I. All skin areas (glabrous and nonglabrous) throughout the body are supplied with
sympathetic vasoconstrictor fibers that secrete norepinephrine at their nerve endings and,
under resting conditions, exhibit a tonic vasoconstrictor influence on skin blood vessels. The
resting tone is maintained by a continuous nerve discharge of 1-3 impulses per second and
can be varied in both directions to produce vasoconstriction and, without need for any other
specialised vasodilatory fibers, also vasodilation. Indeed, under exposure to cold, there is an
increased discharge from this part of the sympathetic system, causing further
vasoconstriction. On the other hand, under heat stress, the tonic outflow through
sympathetic vasoconstrictor system is reduced. This constrictor system is extremely
powerful in glabrous areas with abundant AVAs - areas that are most frequently exposed to
severe cold. Thermoregulatory as well as other reflexes in these regions are mediated by
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changes in noradrenergic vasoconstrictor tone as well as direct effects of local temperatures
on the skin (Johnson & Kellogg, 2010; Kellog, 2006).

II. In addition, nonglabrous skin areas also receive the so-called active (cholinergic)
vasodilatory nerve fibers, most probably from the sympathetic origin too. Over the last
years, many studies have been conducted to elucidate this cholinergic vasodilation
mecanism, but the results are not conclusive. It is postulated that acetylcholine (ACh) is the
most probable neurotrasmitter, possibly linked to sweating. The current hypothesis
proposes a co-transmitter released by the nerve endings innervating either blood vessels
directly or sweat glands and exerting its relaxant action on the vascular SMC. A putative co-
transmitter has not been identified yet: the candidates include vasoactive intestinal peptide,
substance P, histamine from mast cells acting on histamine H; receptors, prostanoids, and
NO (Johnson & Kellogg, 2010; Kellog, 2006).

It should be mentioned that there are modulators of the neuraly mediated mechanisms
involved in cutaneous vasoconstriction and vasodilation. In women, skin vascular reactivity
depends on the phase of the menstrual cycle: progesteron resets the treshold for active
cutaneous vasodilation (Charkoudian & Johnson, 2000). Furthermore, SkBF and the
cutaneous microvascular reactivity are subject to diurnal rhytms (Aoki et al., 2003). Another
modulator that resets the threshold for active cutaneous vasodilation is physical exercise
(Johnson, 1996; Rowell, 1993) that is covered in more detail elsewhere in the chapter.

2.2.2 Local control mechanisms

Apart from neural mechanisms, local factors also impact SkBF. The standard meaning of the
term applies to the mechanisms independent of nerves and hormones, by which organs and
tissues alter their own arteriolar resistance. Included are classical vasodilators, such as
decreased oxygen partial pressure, hydrogen ion, and locally released metabolites as adenosin,
and increased concentrations of potassium. Their effect on the local vascular tone is more
pronounced when inducing short-term hypoxia, such as a transient occlusion of the proximal
artery. All things considered, little is know about these local mechanisms in controlling human
skin microcirculation although their role seems to be of minor importance.

Much more important seems to be the role of vascular endothelium as a local regulator of
vascular tone, also with respect to the skin microcirculation (Johnson, & Kellog, 2010; Kellog,
2006). The role of endothelium as a local regulator of vascular tone (in glabrous as well as in
nonglabrous parts) has been assessed and confirmed by different independent studies.

Last but not least, local thermal factors, i.e. local heating and cooling of the skin, also play an
important role in modulating vascular tone (Johnson, & Kellog, 2010; Kellog, 06).

Besides the above mentioned neural and local control mechanisms, skin microvessels also
exhibit local and autonomous variations of blood diameter that cause corresponding flow
variations and have been termed vasomotion. The contractions have a low frequency that
can be obtained by transforming the signal of the laser Doppler flux (1-2 cycles/min) using
spectral analysis. Vasomotion is suggested to facilitate blood flow through microvessels and
can be amplified under conditions of circulatory and metabolic stress, as for examle by
inducing a transient ischemia (Kvandal et al., 2006; Rossi et al., 2008). The origin of
vasomotion remains to be fully elucidated: it has been proposed that the spontaneous
muscular contractions are due to the intrinsic myogenic activity of vascular SMC.
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2.3 Endothelium as a local regulator of vascular tone

In the last decades, a number of studies conducted in animals as well as in humans
extensively expanded the knowledge about the pivotal role of endothelium in the regulation
of vascular tone (Vanhoutte, 1989). In response to physical forces and neurohumoral
mediators, endothelial cells secrete several vasoactive substances that affect vascular tone by
inducing contraction and relaxation of the underlying smooth muscle. The most important
endothelial vasodilators are NO, prostacyclin (PGl;) and endothelium-derived
hyperpolarizing factor (EDHF), whereas vasoconstrictors include endothelin (ET), platelet
activating factor (PAF), etc. We will focus on the role of vasodilators.

Physical stimuli are shear stress exerted on the vascular wall by the flowing blood, and
pulsatility of the vessel wall, whereas pharmacological stimuli include a variety of
endothelial agonists, such as ACh, bradykinin, thrombin, serotonin, estrogens etc. In
general, endothelial function in vivo can be estimated by applying pharmacological agonists
to induce endothelium-dependent vasodilation. When estimating endothelial function, the
terms NO-dependent and nonNO-dependent vasodilation (Higashi & Joshizumi, 2003) are
often used to discern between different mediators involved.

NO is constitutively secreted by endothelial cells upon the action of endothelial nitric oxide
synthase (eNOS) that is constitutively expressed in all endothelial cells. eNOS can further be
activated by increases of calcium ions or by different agonists that induce changes in the
phosphorylation of specific aminoacid residues of the enzyme (Fleming, 2010). Its action
depends on the bioavailability of substrats (such as L-arginine) and cofactors, such as
tetrahydrobiopterin (BH4). NO induces vasodilation by activating soluble guanilat cyclase in
SMC that further catalyses cGMP, causing vasorelaxation of SMC.

As for the role of PGI, and other prostanoids, their importance in skin microcirculation is
unequivocal. They are synthesised by the family of cyclooxygenase (COX) enzymes. PGl
acts principally to modulate the function of vascular SMC and platelets; it is suggested to
play only minor role in the regulation of vascular tone in health. On the contrary, it may
play a compensatory role in the settings of decreased NO bioavailability (McCord et al.,
2006; Szerafin et al., 2006).

The vasodilatation that remains after the combined eNOS and COX blockade has been
ascribed to a yet unidentified mechanism. As it induces hyperpolarization of endothelial
and vascular SMC by activating different families of K* channels, it has been termed EDHF
(Feletou & Vanhoutte, 2009). The potential mechanisms leading to the hyperpolarization of
endothelial cells and SMC include arachidonic acid metabolites derived from
cyclooxygenases, lipooxygenases and cytochrome P450 (CYP) pathways, as well as H)O,,
CO and H)S. Another putative mechanism associated with the hyperpolarization of both
endothelial and vascular SMC is suggested to be electrical coupling through myoendothelial
gap junctions following small and intermediate conductance Ca2* activated K* channels
(IKca and SKc,, respectively.).

The contributions of NO, EDHF and PGL to the endothelium-dependent vasodilation are
difficult to define, as their importance may vary depending on the vessel type and size as
well as on the agonist used to stimulate the endothelium (Feletou & Vanhoutte, 2009;
Schrage et al., 2005). There is a redundancy in endothelial vasodilator mechanisms and in
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the settings of compromised endothelial function, one vasodilator may overcome the
deficiency of another one and in this way restore normal endothelial function. The same
holds true when one or more pathways of vasodilator synthesis are inhibited, i.e. blocking
eNOS and/or COX causes an increased production of the nonblocked substance(s). Also, a
complex interaction and crosstalk between different mechanisms has been suggested
(Feletou & Vanhoutte, 2009; Nishikawa et al., 2000; Osanai et al., 2000). It has been
established that NO is involved predominantly in the control of vascular tone in larger
conductance vessels, whereas in microcirculation, the role of EDHF seems to be more
important (Pohl & deWit, 1999; Urakami-Harasawa et al., 1997). Most observations are
based predominantly on animal studies and little is known about the impact of EDHF in
humans in vivo (Yang et al., 2007). In spite of several investigations, the exact interaction of
these mechanisms is still not well defined, specially not in human skin microcirculation.

3. Methods for assessing skin microcirculation

A number of methodologies have been used to provide indexes of SkBF. As SkBF is
dynamically changing the technique employed must be able to detect these dynamic changes.
Furthermore, the method has to be safe, easy to apply, accurate and reproducible, and should
not affect SkBF. Usually it is not the basal flow that is of interest but rather vascular reactivity
that can give insight into the vascular function. Thus, the measurement techniques are usually
coupled to some provocation tests which can estimate vascular reactivity. The latter is usually
tested to investigate the mechanisms involved in the regulation of SkBF, or to detect functional
changes associated with the development of various diseases, and to evaluate the progression
of a disease and efficiency of the disease treatment.

In general, there is no optimal method to assess SkBF; none of them is able to give accurate
quantitative values of SkBF. Rather, the flow is presented in relative units. All of the
methods have their advantages and disadvantages. Moreover, as they employ different
principles, the direct comparison of the data obtained by different techniques is often not
relevant, if at all possible.

Most frequently used methods to study the dynamics of the skin microcirculation include
optical methods such as intravital dynamic capillaroscopy, photoplethysmography, venous
occlusion plethysmography, laser Doppler flowmetry (LDF) and laser Doppler imaging (Serup
et al., 2004). Alternative methods are based on thermographic assessment of blood flow or on
measuring transcutaneous pO2 or on 133xenon clearance. The most recently developed
methods include orthogonal polarization spectral imaging technique, sidestream dark field
imaging technique (Treu et al., 2011), and laser speckle contrast imaging (Turner et al., 2008).

3.1 Laser Doppler flowmetry

LDF is a noninvasive method that has been developed and accomplished over the past 20
years. It enables a sensitive, continuous, noninvasive and real-time assessment of blood
flow, being uninfluenced by the underlying skeletal muscle blood flow (Saumet et al., 1988).

In research, it has been used to study reflex control of cutaneous blood flow, and, in
conjunction with other techniques (iontophoresis, microdialysis, and local warming and
heating) to address the involvement of the endothelium in the local control of SkBF.
Furthermore, the responses to drugs can be evaluated with respect to their local effect on
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skin microcirculation. Its use goes far beyond research purposes as it has currently also been
used in clinical practice either as part of the diagnostic procedures or to follow the
effectiveness of treatment.

3.1.1 Principles of laser Doppler flowmetry

The fundamental principles of LDF applied to the measurement of SkBF have been
described in detail in several publications (Serup et al., 2006; Shepherd & Oberg, 1990).

The method is based on the Doppler shift of the emitted laser light when it travels through
tissue and is reflected off the moving objects, such as the moving red blood cells. The
Doppler effect is a physical phenomenon that occurs between two objects, a wave source
and a wave receiver. The relative motion of the wave source and the wave detector causes a
change in the wave frequency and wavelength. The difference between the frequencies of
the emitted and received waves is called Doppler frequency shift.

EMITTING RECEIVING
FIBER FIBER

Fig. 1. A schematic diagram showing the detection of a red cell flux by laser Doppler
flowmetry. Laser light is conducted to the skin via fiber optics. In the skin, a small fraction
of the light is reflected by moving red cells with a shifting frequency (Doppler effect),
whereas the rest is reflected by the same frequency. Both reflected beams are transmitted to
the receiving optical fiber.

Prerequisites for LD technique are the characteristics of the laser beam, emitted to the tissue,
such as monochromaticity and spatial and temporal coherence. The classical single-point
probe consists of an emitting optical fiber with the source of laser light and usually, of two
separate optical fibers that serve as receivers. The emitted light is guided through an optical
fiber to the tissue where it is scattered, absorbed and only a small fraction is reflected (Fig.1).
Stationary tissue reflects the light with the same frequency whereas moving cells reflect the
light with a shifting frequency (optical Doppler effect). The frequency shift of the emitted
light is proportional to the velocity of the moving erythrocytes. The reflected light is
transmitted through one or more receiving optical fibers, and the nonshifted reference and
Doppler-shifted beam are mixed on a photodetector and processed. The signal is then
converted into electrical output that is fed through high-pass filters and amplifiers to finally
obtain the signal as fluctuating voltage expressed in millivolts. The LDF signal is a stochastic
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representation of the number of erythrocytes in the sample volume multiplied by their
velocity and is referred to as flux; rather than flowmetry, LDF is termed LD fluxmetry. Since
the red blood cell flux is linearly correlated with SkBF it is taken as an estimation of blood
flow. That is why the flux signal obtained by LDF is usually expressed in arbitrary perfusion
units (PU). Due to the complex structure and the random orientation of the cutaneous
microcirculation the obtained measurements are only semiquantitative and relative.

Due to the scattering of the emitted light in the tissue, only a small portion of the light incident
on a tissue surface will penetrate very deeply and return to the surface. This is one of the
reasons why LDF is ideally suited for measuring superficial tissues such as skin and mucosa.

The penetration depth of laser light depends on its wavelength (shorter wavelengths
penetrate superficially, whereas longer penetrate more deeply) and on the distance between
the transmitting and receiving fibers. It has been estimated that at small fiber separations,
the signal is obtained from more superficial layers, such as capillary loops whereas at
greater separations the contribution of deeper venous plexuses may dominate. In brief,
different fiber separations or the use of lasers with lights of different wavelengths may
enable the inspection of different depths of the cutaneous microcirculation.

The depth of measurement by LDF varies among tissues: for skin, it is estimated to be 0.5-1
mm. Considering the anatomical organisation of skin microvessels, the LD devices capture
signals predominantly from the deeper subpapillary layer - the site of subpapillary arterial
and venous plexuses. Thus, it records the thermoregulatory blood flow rather than the
nutritive blood flow from papillary loops and superficial plexuses (Yvonne-Tee et al., 2006).

From the above, it is obvious that the variables which influence the measurement in one
individual are the structure of skin surface and skin thickness as well as hematocrit.

Many commercial devices from different manufacturers are available today (Fig.2). Most of
the current devices use a two- or five mW-powered helium-neon lasers with a wavelength
of 632,8 nm and small probes. The surface area captured by such devices is estimated to be
about 1 mm?, whereas the penetration depth is 1 mm, resulting in a theoretical total
measured tissue volume of 1 mm3. Other available instruments nowadays use infrared light
with a wavelength of 780 nm, applied by a diode laser. It is a challenge to develop devices
using lasers with wavelengths below 600 nm, which will be able to record signals from the
epidermis-dermis border. This would enable a more selective distinction between the
deeper lying thermoregulatory component of blood flow and the more superficial
nutritional component of the blood flow (Yvonne-Tee et al., 2006).

3.1.2 Application in humans: Calibration, validation and precautions

Before any measurement, the device has to be calibrated to instrumental zero (standard or
instrumental calibration) and later on, the biological zero has to be determined. Instrumental
zero calibration is obtained by placing the probe against a white surface. To test the
sensitivity and to calibrate the device the probe tip is placed into a suspension of latex
particles undergoing Brownian motion and the output of the flowmeter is tested.

The term biological zero applies to the LD flux that remains after an occlusion of a proximal
artery. Before any measurement, biological zero can be assessed. The relative ratio between
the normal resting flux and the biological zero value varies from region to region: biological
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zero LD flux can amount up to 20% of the resting flux (Tonneson, 2006, as cited in Serup et
al., 2006). The sources of the biological zero seem to be blood cells that remained in the
peripheral vessels during arterial occlusion and are still moving randomly and producing
minor LD components recorded by the instrument as well as the Brownian movement of the
interstitium (Kernick et al., 1999).

Before the measurement, the subject should rest for at least 20 minutes to acclimatize and
calm down (Fig.2). Namely, a wide range of factors strongly influence the LDF signal and
should be kept at minimum for a more relevant interpretation of the data. Such factors are
subject-related: anatomical position of the probe, the subject’s position, physical and mental
activity, previous consumption of food, beverages containing caffeine or alcohol, smoking,
taking drugs, menstrual cycle and temporal variations (circadian rhythms, inter-day
variability, seasonal variations). Environment-related factors are first of all ambient
temperature, air humidity and movement of the adjacent air. Factors that cannot be
influenced and can have an impact on LDF are age, gender and, possibly, ethnic
background. All these aspects must be taken into consideration and effort should be made
to eliminate them or at least minimize to get the best possible results.

Fig. 2. A typical equipment for assessing skin microcirculation: Laser Doppler flowmeter
(LDF, Perimed), the device to register blood pressure in the finger artery (Finapress,
Ohmeda), and the transducer for a simultaneous transmission of the digital signals to the
computer (left-hand). A typical position of the LDF probes: a standard LD probe (placed on
the finger pulp, i.e. representative of glabrous site) and an iontophoretical delivery LD
probe (placed on the volar forearm, i.e., representative of nonglabrous area) combined with
the device for the application of iontophoresis (right-hand).

Debatable is also the temperature of the skin: while some authors recommend preheating
the skin to a constant temperature and then performing a perturbation, others use the
‘natural’ skin without preheating.

Another problem are movement artifacts. To avoid it, person must lie completely still.
Further, the probe must be in close contact with the measured skin; to do so, special two-
sided adhesive tapes to fix the probe holder are available.

Due to the small measuring area and the anatomical architecture of the dermal
microcirculation, there are considerable variations in blood flow (Braverman et al., 1990). To
minimize the problem of spatial variability, several subsequent measurements have to be
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repeated and the data obtained averaged. Furthermore, newer devices include multiple point
probes that have been designed to overcome the problem of immense spatial variability.

When performing LDF measurement, usually multi-channel devices are used that enable a
continuous measurement of LDF in many sites simultaneously (Fig.2). Usually, the
measurements are performed in the representative sites of glabrous and nonglabrous areas.
Mostly measured glabrous sites in the upper extremity are palms, finger pulps and nailfolds,
whereas nonglabrous sites include volar forearm and dorsal aspect of the hand and fingers.

3.1.3 Interpretation of the results
Many methodological issues must be taken into consideration when interpreting the results.

First, the strong site- and time-dependence of the obtained LDF signal and a great inter-
individual variability must be taken into account. An accurate measurement should include
the assessment of reproducibility in terms of the intraindividual variability coefficient that,
based on some reports, could come up to 40%.

It is also important to realize that SkBF is very dynamic and apart from known factors that
influence the variations (vasomotion, neural and humoral activity, heart beat and
respiration related changes, respectively) there are also factors that cannot be ascribed to
any known factor and thus explained. As a consequence, a wandering baseline is usually
obtained. The seemingly random variation is much lesser when SkBF is perturbed, e.g.
increased by heating or decreased by cooling. This is the basis for the provocation tests to be
applied. Accordingly, more information is obtained in assessing vascular reactivity as a
response to these perturbations. Rather than in absolute values, changes in LDF after such a
perturbation are usually expressed as a percent of the baseline value.

Furthermore, it is advised to apply perturbation to induce maximal vasodilation (i.e. heating
the skin to 44°C or applying an NO donor in excess) and thus achieve the highest (peak)
flow and then express the quantity of the measured LDF relative to the peak flow. This
would allow a comparison with the values assessed either by other devices or in other
experimental conditions. Indeed, in many studies, the flow is expressed as a percent of the
maximal flow (Crakowski et al., 2006; Turner et al., 2008).

Another recommendation is to express SkBF in terms of cutaneous vascular conductance
(CVCQ) rather than in terms of flow. CVC is obtained by dividing the LD flux by mean arterial
pressure. It is worth mentioning that all the measurements of LDF are usually performed with
concomitant continual recordings of the blood pressure and the skin temperature.

The mostly exposed problem remains the standardization of the method as well as
interpretation of the results that would enable a more accurate and relevant comparisons
among studies using different devices and protocols. There is an urge to standardize the
method as well as the protocols used (Crakowski et al., 2006; Turner et al., 2008; Yvonne-
Tee et al., 2006).

3.1.4 Advantages and disadvantages

LDF enables a semiquantitative assessment of skin blood flow and is thus expressed in
arbitrary PU. One of its disadvantages is thus inability to determine absolute blood flow.
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Another disadvantage is great spatial and temporal variability. This must be taken into
consideration when designing the measurements and interpreting the results. On the other
hand, LDF has many advantages over some other methods: it is noninvasive, it can
determine dynamic changes in skin microcirculation being uninfluenced by the underlying
muscle blood flow (Saumet et al., 1988), it is easy applicable, reproducible, and, compared to
many other methods, is relatively attractive regarding its price. As such, it remains the gold
standard for assessing skin microcirculation and its reactivity in research purposes as well
as in clinical practice.

3.2 How to study the endothelial function of the skin microcirculation

As with other techniques, there is no uniform technique that would separately evaluate only
the endothelial function of skin microcirculation. Namely, the endothelium is not an entity
per se but it is strongly associated with other structures, in terms of anatomy as well as
physiology. There is a complex interaction between neural and other humoral mechanisms
and the endothelium, so the methods used for evaluating separate mechanisms show
considerable overlapping too. Therefore there is no single method that could give an insight
into endothelial function but many different methods and tests have to be performed in
order to get the clearest possible information.

Several methods to study endothelial function of the cutaneous microcirculation have
been developed in recent years and are currently being used, each with their own
advantages and disadvantages. By these methods, it is actually the vascular reactivity or
vasodilator capacity that is being estimated: a part of this response also encompasses the
endothelial component. So it is obvious that the results must be interpreted carefully
when determining ‘endothelial function’.

The usual approach to test endothelial function is to induce either a local or a systemic
perturbation that will change the LDF. The stimuli used are pharmacological and physical
ones. Of locally applied physical stimuli, flow mediated vasodilatation is important as
well as locally induced changes in temperature, i.e. local heating and cooling (Johnson &
Kellog, 2010; Kellogg, 2006). Flow mediated vasodilation is usually simulated by releasing
a temporal occlusion of the proximal artery, and has thus been termed postocclusive
reactive hyperemia (PRH).

The pharmacological stimuli are various agonists and antagonists that act directly on the
endothelium or on the vascular SMC to induce changes in LDF. Often, they are coupled with
the application of different blockers to inhibit the synthesis or release of the substance under
investigation, as for example blockade of eNOS or COX or different adrenergic and cholinergic
receptors as well as channels on the endothelial cells and SMC. There are various technique of
application of these substances directly to the skin: their collective pitfall is that the exact
concentration of the substance in the very tissue could not be determined accurately.

Let us briefly mention also commonly used systemic challenges that are often applied when
studying skin microcirculation. These include systemic heating and cooling (more often the
term whole body heating/cooling has been used), changing the oxygen partial pressure to
induce hypo- or hyperoxia, and changes to perturb the baroreflexes: classic orthostatic test
with a tilt-table or negative low body pressure and different mental tests. Namely, all the
systemic changes also impact skin microcirculation and have been used to estimate the

www.intechopen.com



282 Medical Imaging

involvement of skin in reflexes associated with thermoregulation, exercise and other
cardiovascular adjustments.

3.2.1 Pharmacological approach: Application of vasoactive substances

Endothelial function can be assessed by applying vasoactive substances locally and
directly to the skin and recording the LDF response. In conjunction with LDF, this is
performed most commonly by using iontophoresis and alternative methods, intradermal
microinjection and microdialysis.

Iontophoresis

This is a method that enables application of soluble charged substances into the skin by
means of an externaly applied direct electrical current (Kalia et al.,, 2004). Special
iontophoretic drug-delivery electrodes have been designed that could be attached to the
direct laser-Doppler probe (Figs.2,3). The quantity of the drug that penetrates into the skin
is proportional to the magnitude of electrical current used. Usually, the quantity applied
is expressed in milli Coulombs (mC), which are obtained as a product of the magnitude of
electrical current (usually in order of pA) and the duration of the electrical current
application. There are different modes of current application depending on the substance
used and the protocol chosen: either protocol with a continuous application of current is
used, or, more often, intermittent (interval) application of a constant or increasing current
is accomplished. It must be taken into consideration that also curent alone causes
vasodilation, referred to as ‘galvanic response’ (Abou-Elenin et al., 2002; Khan et al., 2004;
Morris & Shore, 1996, Noon et al., 1998). The magnitude of the current-induced
vasodilation depends on the vehicle used: a range of preparations have been used,
including deionized water, tap water, sodium chloride and mannitol solutions, as well as
different cellulose gels. The proposed mechanisms for the current-induced vasodilation
are induction of an axon reflex (Noon et al., 1998), competition between ions of active
substance and the vehicle (Khan et al., 2004), etc.

Another aspect that might influence drug delivery to the skin is skin resistance (Ramsay et
al., 2002). It depends on the skin site, on the hydration status of the skin and also shows
great inter-subject variability. To minimize the problem of skin resistance, skin should be
cleaned with alcohol and gently rubbed mechanically to strip off the epidermis.

Nevertheless, iontophoresis has advantages over some other techniques. Compared to
microinjection and microdialysis, it does not induce trauma affecting SkBF (Crakowski et al.,
2007; Leslie et al., 2003). The quantity of drug is minimal and causes no systemic effects. Its
disadvantage is the current-induced hyperemia, which can be minimalized by using an
appropriate vehicle solution or by applying topical anesthesia (Crakowski et al., 2007;
Morris & Shore, 1996); yet, the latter can impact the results in other way.

Microinjection and microdialysis

As alternatives to iontophoresis, microinjection or microdialysis have been used for the
application of various pharmacological agents into the skin. By these techniques, either a
solution containing a single substance or a mixture of different compounds can be applied.
By microinjection, very small amounts (up to 10 pl) of agents of low concentrations are
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applied intradermally (Leslie et al, 2003). The advantage of microdialysis over
microinjection is that the skin can be continuously perfused with the solution containing the
active substance and in this way enables a constant stimulus or blockade of a certain
compound (Crakowski et al., 2007; Turner et al., 2008). Moreover, using microdialysis, it is
also possible to remove effluent fluid from the tissue and to determine certain substances of
interest in the dialysate. The major disadvantage of microdialysis is its invasiveness
(Crakowski et al., 2007).
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Fig. 3. A representative laser Doppler flux (LDF) response to pulsed iontophoretical
application of acetylcholine, an endothelium-dependent agonist (left-hand) and sodium
nitroprusside, an endothelium-independent agonist (right-hand) in the volar forearm of one
subject. Arrows denote electrical pulses. PU, perfusion units.

Conventionally, ACh has been used as a standard drug to assess endothelial function (Fig.3,
left-hand). It has been established, though, that apart from acting on muscarinic receptors
expressed in endothelial cells it also affects other parts of the vessel wall: its potential action
on the local nerve endings has also been proposed (Berghoff et al., 2002; Morris & Shore,
1996). In light of such observations, the data must be interpreted cautiously. Further, its
action on the endothelium is debatable; multiple mechanisms have been proposed,
including the involvement of NO, prostaglandins and EDHF (Holowatz et al., 2005; Kellogg
et al., 2005; Khan et al., 1997; Morris & Shore, 1996; Noon et al., 1998; Turner et al., 2008).

Other commonly used drugs are metacholine, bradykinin, histamine, and substance P (Kalia
et al., 2004). To test the reactivity of vascular SMC, sodium nitroprusside has been most
commonly applied, usually by iontophoresis (Fig.3, right-hand).

3.2.2 Postocclusive reactive hyperemia

PRH refers to an increase in SkBF over the baseline following the release of a temporal
occlusion of a proximal artery and has been used as an index of endothelial function
(Fig.4), for research purposes as well as in clinical practice. It is characterised by an initial
peak flux reached in a few seconds after the release that depends on the duration of the
occlusion (Yvonne-Tee et al., 2008), and a subsequent return of the LDF to the baseline.
However, PRH is a complex phenomenon that comprises metabolic and endothelial
vasodilators, as well as a myogenic response and a sensory component (Lorenzo et al.,
2007; Yvonne-Tee et al., 2008).
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The endothelial component of the PRH response is believed to result from vasodilators (NO,
PGIL, and EDHEF) released from the endothelium in response to augmented shear stress due
to an increase in blood flow following the release of an occlusion. Yet, the results on the
contribution of different endotehlial vasodilators are unequivocal (Bingelli et al., 2003; Dalle-
Ave et al., 2004; Durand et al., 2004; ; Medow et al., 2007; Wong et al., 2003).

In the upper extremity, PRH has been performed by a compression of either brachial artery
or diferent finger arteries, respectively to suprasystolic blood pressure. The most commonly
used occlusion time is 3 or 5 min, but it can range from 1 and up to 15 minutes. Many
parameters can be deduced from PRH; unfortunately, they are not standardised (Crakowski
et al., 2006; Yvonne-Tee et al., 2008). Indices that are assessed most commonly are: the
maximal (peak) LDF response after occlusion release (LDFjeak), the time to reach the peak
response (tpeak), the half time in which the LDF returns to 50% of the baseline, the duration
of hyperemia (time to recovery, tec) and the area under the curve (AUC) (Fig.4). The
response of the microvasculature strongly dependes on the occlusion time (Wong et al.,
2003; Yvonne-Tee et al., 2008).

300 - LDF s
zw i
2m o
S 450 |
g 1
. AUC
2 100

t

m 5
occlusion | t,..,
D 3

rec

o 1 2 3 4 5 & 7 3
time (min)
Fig. 4. A representative laser Doppler flux (LDF) response of postocclusive reactive

hyperemia (PRH) obtained in the finger pulp after the release of a 3-min occlusion of the
brachial artery. Typical indices of the PRH are indicated. PU, perfusion units.

PRH has also been used to induce or amplify the vasomotion in skin microcirculation (Rossi
et al., 2008). It is proposed that amplified LDF oscillations are due to the local synchronicity
of oscillatory blood flow in a group of cutaneous capillaries during ischemia. It is
conceivable that these oscillations represent the local myogenic component of the PRH
(Rossi et al., 2008).

3.2.3 Locally induced thermal changes: Heating and cooling

They are used to investigate the mechanisms involved in the local cooling and heating
(Johnson & Kellog, 2010; Minson, 2010), as well as in clinical practice to determine
microvascular (dys)function in different diseases.
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Local heating is usually achieved by applying LD probes with a built-in heater; maximal
vasodilation is obtained at a temperature between 42-44°C. As noted previously, maximal
vasodilation is sometimes assessed to obtain the maximal vasodilating capacity; all other
measurements are referred to this maximal vasodilation.

As for the cooling either LD probes with a built-in cooler or cold water of different degrees
is used or flexible cold-gel packages are applied over the skin (Fig.5). Cooling by cold water
or flexible packs also evoke a systemic response that can be tracked in other parts of the
skin, as for example in the contralateral arm (Fig.5).
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Fig. 5. A representative laser Doppler flux (LDF) response to local cooling obtained in the
finger pulp of the ipsilateral hand (direct response, upper panel) and the contralateral hand
(indirect response, lower panel), respectively. PU, perfusion units.

Both, heating and cooling, show typical patterns: an immediate response to the thermal
stimulus as well as a later, sustained response. Part of the response is mediated by axon
reflex, whereas there is also impact of NO and the endothelium. Cooling probably acts to
inhibit NOS whereas heating causes activation of NOS (Johnson & Kellogg, 2010). Apart
from eNOS, also involvement of neuronal NOS is proposed (Kellogg et al., 2009), which
renders the interpretation of the results difficult. Additional studies are needed to clarify the
exact contribution of different NOS isoforms (Kellogg et al., 2009).

3.2.4 Spectral analysis of the LDF signal

By means of spectral analysis, the LDF signal can be decomposed into components with
different frequencies. It has been postulated that low frequencies around 0.01 Hz might
reflect endothelial function, the frequencies at arround 0.04 Hz might reflect the
neurogenic influence on the vessel wall, the ones around 0.1 Hz myogenic activity,
whereas oscillations of higher frequencies at around 0.3 Hz and 1 Hz reffer to respiratory
and heart beat activity, respectively (Kvandal et al., 2006). This is one of the tools used to
assess endothelial function in physiologic (Kvernmo et al., 2003) and pathologic (Rossi et
al., 2011) conditions. The most widely used spectral methods are fast Fourier transform,
autoregressive modeling and wavelet analysis.
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4. Human skin microcirculation and the endothelium: Impact of NO,
prostaglandins and EDHF

The role of endothelium as a local regulator of vascular tone in skin microcirculation has
been investigated in many studies. Furthermore, many studies have established an
impairment of endothelium-dependent vasodilation in human skin microcirculation with
aging (Black et al., 2008; Holowatz et al., 2007) and in disease (Colberg et al., 2005; Rossi et
al., 2011; Taddei et al., 2006). Nevertheless, the exact contribution of various endothelial
vasodilators to endothelium-mediated vasodilation has to be elucidated as the results are
discrepant. The discrepancy may partly be due to different methods and agonists used to
test endothelial function. It might be due to the use of different inhibitors of endothelial
vasodilators or different mode of their application (oral, iontophoretical application,
perfusion of the brachial artery). A mechanistic explanation would propose that inhibiting
one pathway may lead to an upregulation of another one and thus blur the actual effect of
the substance under investigation (Feletou & Vanhoutte, 2009; Nishikawa et al., 2000; Osanai
et al., 2000). Furthermore, different endothelial vasodilators show a strong site-dependency
(Schrage et al., 2005). All above must be taken into account when interpreting the results. It
has not been extensively studied to what extent the endothelium contributes to the
regulation of vascular tone and vasodilation in glabrous and nonglabrous skin area.

Although it is generally accepted that ACh mediates a NO-dependent response of
endothelium (Kellogg et al., 2005; Turner et al., 2008), there are studies that did not confirm an
involvement of NO (Hollowatz et al., 2005; Khan et al., 1997; Noon et al, 1998). It has also been
claimed that the contribution of NO to the ACh-induced vasodilation may be site-dependent:
Noon et al (Noon et al., 1996) suggested that NO may be more important in the regions rich in
AVAs (glabrous areas) than in areas with predominantly nutritive blood flow (dorsum of the
hand). Even more debatable remains the role of prostaglandins in the ACh-mediated response
in human skin microcirculation. While some studies have confirmed their role (Durand et al.,
2004; Holowatz et al., 2005, Kellogg et al., 2005; Khan, 1997; Noon et al., 1998), others failed to
do so (Abou-Elenin et al., 2002; Dalle-Ave et al., 2004; Morris& Shore, 1996).

A compelling study was performed by Hendry & Marshall: contrary to most other studies
they showed that the inhibition of COX actually augmented the ACh- mediated increase in
LDF (Hendry & Marshall, 2004). They speculate that in this setting, the vasoconstrictor
products released by the endothelium (such as thromboxane A; and prostaglandin H») may
limit the response to ACh, and not until the COX is blocked, could the maximal response to
ACh be detected. In fact, it has been shown by other authors that thromboxane A; exerts its
inhibitory effects on bioavailable NO by increasing oxidative stress (Tang et al., 2005) and
inhibiting NOS (Yamada et al., 2003). Furthermore, Higashi et al. (2003) have shown that
apart from NO, potassium-ATP channels, and cytochrome P-450, but not prostaglandins,
may play a role in the ACh-induced vasodilation. Yet, their study was performed using a
strain-gauge plethysmography (Higashi et al., 2003). In other studies, a portion of the ACh-
mediated response, however, was attributed to an axon reflex (Berghoff et al., 2002;).

As for the role of NO and prostaglandins in the PRH, the results are controversial too (Dalle-
Ave et al., 2004; Medow et al., 2007; Wong et al., 2003,). The role of NO seems less important
than it was predicted. Namely, Wong et al. showed no effect of NOS inhibition on the PRH
in the forearm skin (Wong et al., 2003). The results were substantiated by the study of Zhao
et al., who assessed the concentration of NO in the microdyalisate using a NO selective
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amperometric electrode (Zhao et al., 2004). Other studies have confirmed an involvement of
NO in the PRH response (Bingelli et al., 2003; Medow et al., 2007), yet it seems only of minor
importance compared to other mechanisms. A conceivable speculation has been made by
Medow et al: they propose that the COX inhibition unmasks the NO dependence of PRH in
human skin (Medow et al.,, 2007). The results could strengthen the hypothesis on the
crosstalks between various endothelial vasodilators in human skin. The role of the cross-talk
between angiotensin II and NO has also been proposed (Loot et al., 2009).

As part of the ACh- and PRH -induced vasodilation in human skin microcirulation persists
after simultaneous eNOS and COX blockade, it is speculated that other endothelial
mediators might also be involved. There are also cross-talks between endothelial and neural
mechanisms: NO has been shown to attenuate cutaneous responsiveness to norepinephrine
via postsynaptic mechanisms (Shibasaki et al., 2008); furthermore, it is the a»-adrenergic
receptor on the endothelium to mediate the NO-induced as well as prostaglandin-mediated
vasodilation (Hermann et al., 2005). NO released from neuronal nNOS might be even more
important than the one from eNOS (Kellogg et al., 2009). From above observations it is clear
that different mechanisms contribute to the local regulation of vascular tone but their exact
role has yet to be elucidated.

In the light of the aforementioned studies, we aimed at addressing the role of the nonNO-
nonPGl-dependent mechanism in human skin in different measuring sites as well as
using different provocation tests to stimulate the endothelium. We simultaneously
applied eNOS and COX inhibitors to the volar forearm using intradermal micro-injection
and performed iontophoresis of ACh. Our results have shown no effect of the combined
inhibition on the baseline LDF. Furthermore, about 80% of the ACh-induced vasodilation
persisted after combined NOS and COX blockade. We may only speculate about the
mechanisms involved but according to other observations, it may be attributable to an
endothelial mechanism other than NO and PGI;, such as a putative EDHF. Other
mechanisms, such as axon reflex, might also be involved; by applying an anesthetic cream
to the measuring site we would be able to eliminate the potential axon reflex. This is one
of the pitfalls of our study. Another pitfall is the microinjection tehnique; as mentioned
previously, the quantity of a substance applied could not be determined. It might be that
we were not able to achieve an adequate concentrations of the drugs in situ. In this regard,
microdialysis would seem to be more suitable. In another set of experiments, we induced
PRH after blockade of eNOS and COX to assess the role of nonNO-nonPGI>-dependent
mechanisms involved. After having obtained indices of PRH, the results have shown no
differences in the L-NMMA and diclofenac treated sites as compared to the control sites,
but there were differences in the AUC. Namely, AUC was slightly smaller in the treated
sites (unpublished observation) which again points to only a minor role of NO and PGI,
in the LDF response induced by PRH.

With respect to the role of EDHF in human skin in vivo, the studies are scarce. The existence
of endothelium-dependent, NO/PGL-independent relaxations, potentially attributable to an
EDHEF, has been confirmed in humans in vivo. Based on studies in patients who exhibited a
NO/PGIr-independent response to an endothelial challenge, it has been suggested that
EDHF might serve as a backup vasodilator in the settings of compromised endothelial
function (Fichtlscherrer et al., 2004; Fischer et al., 2007; Taddei et al., 2006; Yang, 2007).
Different putative mechanisms are proposed to mediate the EDHF-mediated vasodilation:
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in humans, the most probable candidate is a CYP derived metabolite (Feletou & Vanhoutte,
2009). Indeed, a mechanism sensitive to CYP epoxygenase inhibition was confirmed (Bellien
et al., 2005; Fischer et al., 2007; Fischtlscherer et al., 2004; Hillig et al., 2003; Taddei et al.,
2006). Moreover, the CYP2C9 isoform was already confirmed on the endothelium of some
human arteries where also a functional role of a CYP-derived EDHF was shown (Hillig et
al., 2003; Larsen et al., 2006).

Based on the results from previous in vivo studies in humans our aim was to further
characterize the nonNO-nonPGI,;-dependent vasodilation in the skin microcirculation in the
forearm. Therefore, we assessed the LDF response to ACh and PRH in the presence and
absence of the selective CYP 2C9 inhibitor, sulfaphenazole, respectively. Contrary to most
other studies that mainly applied the CYP inhibitors by perfusion of the brachial artery, we
applied it by an intradermal microinjection. Sulfaphenazole had no effect either on the baseline
LDF or on the vasodilation induced by ACh (Lenasi, 2009) or PRH (unpublished results). This
is in agreement with some studies using venous plethysmography performed in healthy
humans (Passauer et al., 2003, 2005), whereas at odds with most studies performed in patients
(Fischer et al.,, 2007; Fischtlscherer et al., 2003; Taddei et al., 2006). We may explain the
discrepancy with the studies performed in patients by the fact that the expression of CYP
might be upregulated in patients due to a decrased bioavailability of NO. Again,
methodological limitations must be taken into consideration, such as microinjection and the
selection of a proper CYP inhibitor. Also, to evaluate the impact of EDHF in the control of skin
microcirculation, it would be suitable to apply another endothelial agonist besides ACh.
Namely, it has been proposed that the nonNO-nonPGI-dependent vasodilation might be more
sensitive to bradykinin than to ACh (Schrage et al., 2005). Furthermore, the assumption that
the NO/PGL-independent relaxation is indeed due to an EDHF would be strengthened had
we applied an inhibitor of Ca2*-activated K-channels or a depolarizing agent to at least
indirectly prove an endothelium-dependent hyperpolarization (Feletou and Vanhoutte, 2009).

Taken together, different endothelial vasodilators are involved in the control of vascular
reactivity of the skin microcirculation. The exact mechanisms involved and the role of a
putative EDHF remain to be established.

5. Exercise augments the endothelium dependent vasodilation in skin
microcirculation

Beneficial effects of exercise on the vascular reactivity of human skin microcirculation have
been reported in many studies (Hodges et al., 2010). In general, the collective finding is that
regular physical exercise enhances endothelium-dependent vasodilation. Moreover, it has
been shown that exercise also improves the decline of endothelium-dependent vasodilation
of cutaneous microcirculation in age (Black et al., 2008) and disease (Colberg et al., 2005;
Rossi et al., 2011; Taddei et al., 2006).

The exact mechanisms of exercise-induced adaptations in human skin microcircultion
remain unresolved. Various mechanisms have been proposed, the most likely one seems to
be an increased production of NO by increased eNOS activity, probably due to repetitively
increased shear stress on the endothelium (Green et al., 2004). Apart from endothelial
adaptations, changes in the sensitivity of vascular SMC to endothelial vasodilators or
alterations in neural vascular control may play a role. By inducing local heating as a
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vasodilating stimulus, the study of Tew et al. has shown that aerobic fitness affects the
contribution of noradrenergic sympathetic fibers to the heating-induced LDF response (Tew
et al., 2011). Indeed, it has been shown that endurance trained athletes have a diminished
temperature threshold for active vasodilation in skin compared to matched sedentary
controls (Fritzsche & Coyle, 2000). It is thus obvious that apart from local, possibly
endothelial mechanisms, neural mechanisms also are subject to adaptations.

We aimed at assessing vascular reactivity in highly endurance-trained athletes with a high
maximal aerobic capacity (Voomax 65 ml/min/kg) and comparing it with age-matched,
sedentary controls (Voomax 41 ml/min/kg). Vascular reactivity was assessed at two
representative sites with different control mechanisms: glabrous and nonglabrous area,
respectively. Namely, it has been shown that the hemodynamic changes associated with acute
exercise differ between these two sites (Yamazaki & Sone, 2006). The amplitude of changes,
expressed as CVC as well as the time in which the changes occur during exercise differ
between these two sites which might point to different control mechanisms. We hypothesised
that similar differences might also be observed regarding adaptation to chronic exercise. We
determined vascular reactivity by an iontophoretical application of ACh and SNP as well as by
inducing PRH. Unfortunately, we were able to aplly ACh and SNP only to nonglabrous skin
sites. As for the glabrous areas, we assessed the response to a 4 min brachial artery occlusion
on the finger pulp and compared it with the response in the volar forearm. As expected, we
found an increased responsiveness, as assessed by peak response to ACh and the indices of
PRH, respectively, in the trained. Yet, the differences in indices of PRH were observed only in
the glabrous sites and not in the nonglabrous, respectively (Lenasi & Strucl, 2010). This may
prove that glabrous parts with abundant AVAs are indeed more strongly involved in
thermoregulatory adaptations to exercise. The adaptation of skin microcirculation to
exercise might be explained by a direct effect of exercise-induced shear stress on the vessels,
as well as by adaptive changes attending thermoregulatory challenges. The discrimination
between these two mechanisms is not possible as they overlap each other. Nevertheless,
Lorenzo & Minson have shown that skin microcirculation also undergoes thermoadaptative
changes as a part of acclimation to heat without eliciting reflexes engaged in exercise
(Lorenzo & Minson, 2010). To do so, they trained subjects only at 50% of their Voamax,
intensity that assumingly does not induce changes in the reflexes affecting exercise. Another
interesting approach was by Rossi et al.: by performing spectral analysis of the LDF signal,
they showed an augmented amplitude of the low frequency band presumably reflecting
endothelial function in the trained (Rossi et al., 2006). Similar observations were found in the
study performed by Kvernmo et al. (Kvernmo et al., 2003).

Exercise training probably induces adaptations in all age groups. Namely, a recent study
performed in adolescents showed an enhanced endothelium-dependent vasodilation in
nonglabroous skin in the group of trained subjects (Roche et al., 2010). Also, in the group of
postmenopausal women who underwent a 48-week regime of aerobic exercise training the
endothelium-dependent and -independent vasodilation was enhanced as well as the
response to local heating (Hodges et al., 2010). Black et al. have shown that age-related
decline in endothelial function can be improved already after 24 weeks aerobic training
(Black et al., 2008). Contrary to the observation by Hodges et al (Hodges et al., 2010) on an
increased endothelium-independent vasodilation (induced by an application of SNP) we
found a decreased response to SNP in the trained. The result is at odds with most other
studies that either showed no differences in the SNP-induced vasodilation between the

www.intechopen.com



290 Medical Imaging

sedentary and the trained or an increased response in the trained. Our observation is
difficult to interpret; we suggested a decreased sensitivity of vascular SMC to a NO donor
(Gori & Parker, 2002) which seems in certain respect illogical. The data on the vasodilator
response to heating show that the LDF increase to the application of ACh occurs prior to the
increase induced by SNP (Kellog et al., 2005). This might suggest that the endothelium is
modified by exercise sooner then the vascular SMC. The observation would support the
results of the studies that found no differences in endothelium-independent vasodilation
between the trained and the sedentary.

Interestingly, most studies found no differences in the baseline LDF between the trained and
the sedentary. The same holds true also for longitudinal studies that were performed in a
cohort of subjects who underwent training and thus are more reliable (Black et al., 2008;
Hodges et al., 2010). This seems logical as under resting conditions the nutritional needs of
skin microcirculation are similar for the trained and the sedentary. When performing
exercise, the trained exhibit a greater vasodilator capacity, probably of endothelial origin
that may fulfil the increased demands for heat elimination in the trained.

It has been accepted that augmented endothelium vasodilator capacity induced by training are
due to increased bioavailability of NO (Green et al., 2004). The speculative functional studies
were confirmed by Wang, who has shown an increased response to ACh as well as an
increased level of plasma NO metabolites after 8 weeks of training in healthy subjects. (Wang,
2005). Also, Vassalle et al. have shown an enhanced release of NO in the trained combined to
an increased LDF response induced by PRH (Vassalle et al., 2003). Increased NO might be due
to an upregulation of eNOS or its enhanced activity. Other mechanisms are proposed, such as
an increase in plasma antioxidant activity (Franzoni et al., 2004) that prevent the scavenging of
NO by free radicals and increase the bioavailability of its precursors (Doutreleau et al., 2010)
and cofactors and thus increase its bioavailability. Apart from changes in the bioavailability of
NO, an increase of other vasodilators, such as prostanoids (McCord et al., 2006) and EDHF
(Taddei et al., 2006), may also be involved. It has been shown that prostanoids contribute to
endothelium-mediated vasodilation in response to acute exercise (Duffy et al., 1999). Studies
performed in animals have shown an increase in EDHF-mediated vasodilation induced by
training (Minami et al., 2002). The same mechanisms are speculated to also play a role in
humans. Additional studies in humans are needed to clarify this issue.

6. Conclusion

Skin microcirculation and the mechanisms controlling it remain an interesting area of
research. As a dynamic structure, it is engaged in various thermoregulatory and non-
thermoregulatory reflexes. Apart from neural control, the endothelium has been suggested
to play an important role in the regulation of vascular tone and reactivity in skin
microcirculation. However, glabrous and nonglabrous skin areas differ with respect to the
control of vascular tone, also regarding the endothelium.

Laser Doppler flowmetry (LDF) represents an easy-to-apply, noninvasive and reproducible
method to investigate skin microcirculation, yet with some disadvantages, such as great
spatial and temporal variability. Coupled to LDF, many methods have been developed over
the last 20 years in order to assess the endothelial function of human skin. Most frequently
used are iontophoresis of ACh, postocclusive reactive hyperemia, and locally induced
thermal changes. Apart from research purposes, they are often applied in clinical practice to
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assess the endothelial (dys)function and its response to therapy. They are suggested to be
applicable indices of global microvascular function. Nevertheless, none of them is able to
detect specifically endothelial function: rather, they provide integrated indices of vascular
reactivity. This must be taken into consideration when interpreting the results obtained.

As skin microcirculation is often compromised in disease, also due to endothelial
dysfunction, strategies on how to improve it are being sought. One of the measures to
improve endothelial function seems to be participation in regular aerobic exercise, as it has
been shown to be associated with enhanced mirovascular reactivity, in particular
endothelium-dependen vasodilation, in glabrous and nonglabrous areas over the body.

The mechanisms involved in adaptations to exercise training as well as the exact contribution
of various endothelial vasodilators (NO, PGI, and EDHF) to the regulation of vascular tone in
human skin microcirculation, remain to be resolved. Nevertheless, they represent putative
therapeutical targets and are thus important also from the clinical point of view.
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