N
N

N

HAL

open science

Non-invasive assessment of skin microvascular function
in humans: an insight into methods.

Matthieu Roustit, Jean-Luc Cracowski

» To cite this version:

Matthieu Roustit, Jean-Luc Cracowski. Non-invasive assessment of skin microvascular function in
humans: an insight into methods.: Methods to assess skin microvascular function. Microcirculation,

2012, 19 (1), pp.47-64. 10.1111/j.1549-8719.2011.00129.x . inserm-00767057

HAL Id: inserm-00767057
https://inserm.hal.science/inserm-00767057
Submitted on 19 Dec 2012

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inserm.hal.science/inserm-00767057
https://hal.archives-ouvertes.fr

Microcirculation

MICTOCI rculation

wrnal Gf the Microcirewlatery Soclely, Inc.

Non-invasive assessment of skin microvascular function in
humans: an insight into methods

Journal: | Microcirculation

Manuscript ID: | UMIC-2011-0049.R1

Manuscript Type: | Invited Reviews

Date Submitted by the

Author: n/a

Complete List of Authors: | Roustit, Matthieu; Grenoble University Hospital
Cracowski, Jean-Luc; Clinical Pharmacology Unit, Inserm CIC3,
Grenoble, Grenoble University Hospital

microcirculation, laser Doppler, post-occlusive hyperemia, local

Keywords: | i ermal hyperemia, iontophoresis

SCHOLARONE™
Manuscripts

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic Email: microcir@msu.edu




Page 1 of 56 Microcirculation

Non-invasive assessment of skin microvascular function in humans: an

B { Deleted: on

QOO NI WNPEP
i o
-
L.
[V =]
=
-
i o
l:
-
o)
2
[
=
=]
(=}
7]

Matthieu Roustit and Jean-Luc Cracowski

14 Clinical Pharmacology Unit, Inserm CIC03, Grenoble University Hospital, F-38043, France
Inserm, U1042, Grenoble, F-38043, France

20 Université Joseph Fourier, Grenoble, F-38043, France

Correspondence and reprint requests:

28 Dr Matthieu Roustit, Centre d'Investigation Clinique — Inserm CIC03, CHU de Grenoble, 38043

30 Grenoble Cedex 09, France.

33 Tel: +33 476 769 260; Fax: +33 476 769 262. MRoustit@chu-grenoble.fr

39 Running head: Methods to assess skin microvascular function

45 Conflict of interest: None declared.

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic Email: microcir@msu.edu


mailto:MRoustit@chu-grenoble.fr

©CoO~NOUTA,WNPE

Microcirculation Page 2 of 56

Abstract
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microcirculation have been mainly based on optical microscopy and laser Doppler techniques.
In this review we discuss the advantages and drawbacks of these techniques. Although optical

microscopy-derived techniques, such as nailfold videocapillaroscopy, have found clinical

p { Deleted: study of the J
applications they mainly provide morphological information about the microvessels. Laser 7

Doppler techniques coupled to reactivity tests are widespread in the field of microvascular
function research, but many technical issues need to be taken into account when performing

these tests. Post-occlusive reactive hyperemia and local thermal hyperemia have been shown
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Acetylcholine and sodium nitroprusside iontophoresis, despite their wide use as specific tests
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Keywords: microcirculation; capillaroscopy; laser Doppler; laser speckle; iontophoresis;

local thermal hyperemia; post-occlusive hyperemia.
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Why and how to assess skin microvascular function?

Similar findings have been reported of correlated abnormalities between cutaneous and retinal

microvasculature in diabetic patients [3].

microvascular reactivity. Moreover, recent technological advances have provided simple and
non-invasive methods to assess skin microvascular function. Therefore, human cutaneous
circulation could be used as a surrogate marker of systemic microvascular function in various

diseases. However, this raises the issue of how representative the microcirculation in the skin

is to the microcirculation in other organs. To date, the skin has been used as a model of

microcirculation to investigate vascular mechanisms in a variety of diseases, including

hypertension and other cardiovascular risk factors [4-6], diabetes [3. 7], or end-stage kidney

disease [8]. Skin microcirculation has also been used as a model of microvascular function in

experimental shock [9]. The issue of human cutaneous circulation as a model of generalized

microvascular function has been discussed in a recent viewpoint by Holowatz et al [10].

In other cases, skin microvasculature is specifically affected, e.g. systemic sclerosis

[11, 12], burns, flaps or wounds. Altered skin microvascular function could therefore be a

surrogate marker in these pathologies.
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Finally, noninvasive and reliable tests would be useful to evaluate the effect of drugs

on the peripheral microvascular system.

N - ~" | skin microvasculature is specificall
For more than two decades, methods for the noninvasive exploration of, 77| atfocted. e systemic sclerosis [5, 6]
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a microscope with an epi-illumination system and image transmission to a video camera [19].
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Recently available digital systems have made the technique more reliable and user-friendly

[20].
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26 sclerosis have been classified into early, active or late patterns by Cutolo et al [21]. Since the

28 first description of abnormal finger capillary patterns in connective tissue diseases using
30 capillaroscopy [22], the technique has played an increasing role in the early diagnosis of

32 scleroderma spectrum disorder [20], and when used significantly improves the sensitivity of
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34 the American College of Rheumatology (ACR) criteria in the,diagnosis, of patients with - [ Deleted: ose

36 limited systemic sclerosis [23]. Finally, a prognostic capillaroscopic index has been proposed
38 to identify patients with Raynaud’s phenomenon in whom the risk of developing scleroderma
40 spectrum disorders is high [24].

Although less widely used than in the diagnosis and follow-up of systemic sclerosis,
several other applications of NVC in autoimmune diseases have been suggested. Indeed,
capillary abnormalities have been described in some patients with systemic lupus
erythematosus [25] or rheumatoid arthritis [26], although no specific patterns have been

identified.
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spots. This technique does not allow morphological observation of capillaries but provides the

density of functioning capillaries per field. Reactivity tests, including venous occlusion and

[27]. When performed on the dorsum of the finger, venous congestion showed better results
than brachial PORH [28]. Using such methods, both baseline and maximal capillary

recruitment were significantly lower in patients with essential hypertension than in

difference or percentage increase between functional and maximal densities) in patients with
type 1 diabetes compared to controls, although the baseline density was higher in these
patients [31]. Chang et al did not observe any difference in capillary density between patients
with diabetes mellitus (with or without retinopathy) but morphological capillary abnormalities

in patients with retinopathy compared to patients without retinopathy and controls [3].

diseases including diabetes [33], systemic sclerosis [34]. psoriasis [35], or to evaluate the

vascular integrity of skin flaps [36, 37]. This technique however is increasingly yeplaced by

orthogonal polarization spectral (OPS) and sidestream dark field (SDF) imaging (see below),

which are safer, non-invasive and provide better contrast.
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In conclusion, nailfold videocapillaroscopy has found clinical applications in diseases

affecting digital skin microcirculation (e.g. systemic sclerosis). Otherwise, skin capillaroscopy
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technique, but illumination is provided by concentrically placed light emitting diodes
surrounding a central light guide [16]. The green light is scattered by the deeper layers of the
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and SDF concern critical care medicine. De Backer er al showed that microcirculation
assessed with OPS on the sublingual mucosa was impaired in severe sepsis [44]. In the same

way, SDF allowed identifying significant abnormalities in microvascular density during early

post-resuscitation phase, which returned to baseline within 48h after cardiac arrest [45].

Although the image quality is not as good as on mucosa, OPS has also been used on lower
limb skin to evaluate microcirculation in chronic venous insufficiency [46]. Other
applications of skin OPS imaging include the assessment of microcirculation in burn wounds

[47, 48]. Nonetheless, OPS use in burn wound severity is still predominantly used for research

[38].
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Application of pressure with OPS or SDF probes during examination modifies the .  Deleted: e

flow velocity in vessels under investigation [49] and therefore induces artifacts. Moreover,

motion-induced image blurring is another limitation of OPS, attenuated in SDF imaging.

Finally, they cannot be used in individuals with phototypes IV, V and VI according to

Fitzpatrick classification because melanin absorbs light of a similar wavelength than

hemoglobin [50].
In conclusion, OPS and SDF imaging are semi-quantitative techniques implemented in

small devices that can be used at the bedside. They provide good quality images of
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microvessels on thin epithelial layers. The most, studied site is the sublingual region, and,has .~ - { Deleted: it

been used mainly in critically ill patients. The main limitations of OPS and SDF imaging are

the artifacts induced by movement and pressure. Finally, quantitative assessment of skin
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of new software [18].

Laser Doppler

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic Email: microcir@msu.edu



Page 9 of 56 Microcirculation

©CoO~NOUTA,WNPE

o wJ J

A N

Techniques
p { Deleted: reflection
Laser Doppler is based on the backscattering of a beam of laser light. The ljght  Deleted: L
undergoes changes in wavelength (Doppler shift) when it hits moving blood cells. The
magnitude and frequency distribution of these changes in wavelength are related to the
number and velocity of red blood cells [17]. Laser Doppler does not directly measure skin
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The first laser Doppler technique developed js called flowmetry (LDF), also referred -~
to as laser Doppler perfusion monitoring (LDPM). Single point LDF assesses blood flow over
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accurate at detecting and quantifying relative changes in skin blood flow in response to a
given stimulus [52]. However, the regional heterogeneity of skin perfusion [53] leads to
spatial variability, which contributes to the relatively poor reproducibility of the technique
[54].
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A linear relationship between the laser Doppler signal and microvascular flow has
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strain gauge plethysmography. Therefore, laser Doppler is mostly used to assess

microvascular reactivity, by challenging microvessels with various tests. Among the different
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pharmacological agents
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vasoactive drugs, post-occlusive reactive hyperemia (PORH) and thermal challenges. Results
are often expressed as arbitrary perfusion units (PU; 1 PU = 10 mV) or as cutaneous vascular
conductance [CVC, i.e. flux divided by arterial pressure (in mV/mm Hg)] [52].
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rate and the absence of current-induced vasodilation, compared with iontophoresis. However
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Acetylcholine and sodium nitroprusside iontophoresis
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Iontophoresis is a method for non-invasive transdermal drug delivery based on the

numbers

transfer of charged molecules using a low-intensity electric current (Figure 2). Among the

parameters
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the intensity of the current applied, the duration of iontophoresis, and the nature of the skin

surface (thickness, glabrous or not) play a key role [59]. Combined with laser Doppler,
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acetylcholine (Ach) and sodium nitroprusside (SNP) iontophoresis have been widely used to
assess microvascular endothelial dependent and independent vasodilation, respectively [52,

60]. It is of note that vasodilator iontophoresis has been proposed as a new therapy in diseases

affecting skin microcirculation of the digits, such as systemic sclerosis [61, 62]. This is

particularly interesting but must be distinguished from iontophoresis as a tool to explore

microvascular function, and is beyond the scope of this review.

remain unclear [52, 60]. A Cyclooxygenase (COX)-dependent pathway seems to be

predominant [63-65], although data are conflicting [66, 67]. On the other hand, pitric oxide

prostaglandin and NO pathways could explain the discrepancies between the results of these

different studies [60]. Besides the endothelium-dependent vasodilation, iontophoresis of Ach

induces C-fiber (axon reflex)-mediated vasodilation [66]. The variable effect of COX

inhibition and local anesthesia [66, 67] on Ach-induced vasodilation may be attributed to

these different components of the response to Ach iontophoresis.
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reflex-related vasodilatation [71], mainly through the COX-1 pathway [72]. Nonetheless, the
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be normalized to skin resistance, or resistance can be standardized by adjusting the distance

between the electrodes.
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temperature. On the finger pad, the reproducibility is acceptable when PORH is expressed as
reproducibility is poor (CV are 45% or higher) when peak perfusion is expressed as a function
of baseline [54, 80]. Most of the studies exploring PORH reproducibility have been performed
on the volar surface of the forearm, and results are conflicting. Reproducibility was excellent

same sites were studied from one day to another [88]. However, reproducibility was only fair

skin temperature when performing PORH assessed with single-point LDF improved

reproducibility on the forearm, especially when data were expressed as a function of baseline,

reproducibility, whether expressed as peak CVC or as a function of baseline (CV were 33% or

lasts only a few seconds) over large areas, resulting in a potential shift of the recorded peak
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compared to the peak measured with LDF. However, some groups have successfully used
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LDI (spatial resolution over large areas) is lost. Line scanning LDI may be another way of
overcoming this issue. Moreover, the recently developed high frame rate laser speckle
contrast imaging (LSCI) technique allows continuous assessment of skin perfusion over wide

areas, and could combine the advantages of both LDF and LDI [89].
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LDI is too slow to accurately assess the kinetics of the response over large areas, which limits
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assess the linearity between the L.SCI signal and skin blood flow.

Local thermal hyperemia (LTH)
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10 Among thermal challenges, local heating, also referred to as local thermal hyperemia
12 (LTH), provides an integrated index of neurovascular and nitric oxide-dependent cutaneous
14 blood flow regulation [52]. In healthy subjects, LTH is characterized by an initial peak within
16 the first 5 min, a subsequent nadir followed by a sustained plateau (Figure 5). The initial peak
18 mainly depends on sensory nerves as it is significantly attenuated by local anesthesia [57].

20 Although to date, there has been no positive evidence to support this claim, it has been

22 suggested that calcitonin gene-related peptide (CGRP) [93], possibly co-released with

24 substance P, is responsible for this initial peak [94]. Recent work has shown that transient

26 receptor potential vanilloid type-1 (TRPV-1) channels contribute to the initial axon reflex and,

28 to a lesser extent, to the late plateau [95]. The late plateau phase however is insensitive to
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32 (HSP90) to endothelial NO synthase (eNOS) may be involved in the late plateau as
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36 synthase inhibition does not completely abolish the response, other contributors are thought to

38 be involved, including norepinephrine and neuropeptide Y [1]. Recently, reactive oxygen
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NO [97].

The two independent phases of LTH imply a dichotomized analysis of the recording.
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Figure 5 shows the parameters that are frequently used fo assess the response, i.e. peak ap [ Deleted: parameters

perfusion (“axon reflex-dependent vasodilation”) and plateau perfusion (“NO-dependent

vasodilation”). The issue of data expression is similar to that discussed above for PORH.
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Indeed, data may be expressed as raw perfusion units or CVC, as a function of baseline or

scaled to maximal vasodilation. The latter form of expression may be useful when studying
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as raw CVC). The good inter-site reproducibility of peak CVC simultaneously assessed at two
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Although many heating protocols have been proposed, local warming to 42-43°C is
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over 3 min; P<0.001, Wilcoxon rank test), suggesting a 30% decrease in signal when recorded
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Local cooling
Although local heating is by far the most common thermal challenge, local cooling has
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Such correlation between LSCI and LDI is maintained over a wide range of human skin

recently showed that movement-induced artifacts may be overcome by subtracting the signal

This simple method could be useful in many investigations of skin microvascular function

when strict immobility cannot be ensured.

Analyzing LSCI is challenging, partly because of the large amount of data (i.e. an
acquisition rate of 18 Hz provides more than 40 000 images for a single 40-min LTH
improves the reproducibility of PORH assessed with LSCI (18 Hz), whatever the “time of

interest” (TOI) [121]. The authors suggest that at this frequency, ROIs should be larger than

10 mm? and TOIs longer than 1 s.

In conclusion, LSCI seems to be a remarkable tool to assess skin blood flux, especially

Methodological issues

Recording conditions

complex interactions between systemic and local mechanisms. Therefore, besides the issue of
local thermal challenges (discussed above), environmental temperature influences skin blood

flow. As a consequence, the room temperature should be controlled when studying skin

Microcirculation
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temperature (i.e. from 24°C to 27°C) significantly increased resting CVC, but also the PORH
peak and the LTH peak and plateau on the finger pad, whereas cooling to 21°C tended to

decrease resting CVC and the PORH peak but did not affect LTH [54]. The influence of room

vasodilation (often referred to as “pressure-induced vasodilation”, or PIV) to protect the tissue

from pressure-induced ischemic damage [122]Jt is of interest that PIV has been successfully

localized pressure [123, 124] and suimilarly jn older subjects [125]. Although PIV has been

observed over a wide range of pressures [ 126], it is unlikely to occur as a result of the weight

of the LDF probe alone. Nonetheless, LDI and LLCSI are immune to artifacts of this nature.

The influence of mental stress and fear on the LDF signal has also been studied, with

conflicting conclusions. Mild mental stress has been shown to drastically decrease baseline

[128]. On the forearm however, mental stress does not influence skin blood flow during
normothermia [54, 129] or reactivity tests such as PORH and LTH [54], or slightly increases

skin blood flux [127]. Although these results suggest regional differences in the effects of

measurements, especially when studying digital skin blood flux. Experiments should therefore

be performed in a temperature-controlled room and recording should start after the
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forearm as still as possible and thus reduce movement artifacts.

Characteristics of the population
Although aging does not affect resting cutaneous blood flow [130], human skin

vascular response to thermal challenges is impaired in elderly subjects compared to younger

difference was shown however after local heating on the finger pad [132].

Gender is another concern when studying microvascular function. Hormone level

17-B-estradiol, progesterone and a combination in young women in whom the sex hormones
were suppressed with a gonadotropin-releasing hormone antagonist, whereas there was no
effect on the LTH plateau or PORH [137]. Finally, healthy females showed greater
vasoconstriction due to local cooling than males, the response being more pronounced during

the luteal phase than the follicular phase [138]. The influence of female hormone levels across

menstrual cycle or OCP on microvascular reactivity deserves further exploration, but it copld -~ {Deleted: y

introduce a confounding factor in studies [139].
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Age, gender, phase of the menstrual cycle and contraception should be taken into
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vasoactive drugs and cigarette smoking also affect microvascular function [140, 141] and
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’ should therefore be avoided where possible.

12 Skin sites and data expression

14 As previously mentioned, skin site influences the study of microvascular reactivity.

15 ) { Deleted: S

18 [142]. Braverman explained the variability of the signal by the anatomy of the underlying

20 vasculature. Indeed, a high skin blood flux corresponds to underlying ascending arterioles

22 whereas lower flux indicates venular predominance [53]. As skin arterioles are separated by
24 an average of 1.7 mm on the forearm [53], flux may vary consistently according to the

26 position of the LDF probe. This is the cause of the poor inter-day reproducibility of single-
28 point LDF discussed above, which is a limitation of the technique.

30 On the finger pad however (and on non-glabrous skin in general), the skin contains a
32 high proportion of arteriovenous anastomoses, making baseline flux highly variable over time

34 when assessed with single-point LDF. There is also a higher vessel density and thus baseline

36 flux is more elevated than on the forearm. This higher density and easier probe positioning
38 decreases spatial variability and therefore improves reproducibility of flux recorded with
40 single-point LDF on the finger pad compared to the forearm [54]. This is untrue when data are
expressed as a function of baseline, probably because of the influence of recording conditions
on basal digital skin blood flux.

One major limitation of laser techniques is that they do not provide absolute perfusion
values (i.e. cutaneous blood flow in mL/min relative to the volume or weight of tissue) [52].

Measurements are often expressed as arbitrary PU and referred to as flux. Some groups have
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Table 1. Reproducibility of post-occlusive reactive hyperemia (PORH) and local thermal

Microcirculation

hyperemia (LTH) on the forearm of healthy subjects.

LDF LDI LSCI
Single-point* Integrating [89] [89, 121]
[54, 89] [77,99]
PORH  Peak CVC/PU 45 /30 NA NA 8/3.17
CVGCpr-CVCp 19.4148/33  NA NA 11
%CV Cg, 227%38/32 NA NA 15
AUC 89/36 NA NA NA
%CV Crax 41/39 NA NA 35
LTH Peak CvC 57140 19 39 15
%CV CgL, 87/51 32 52 21
%CV Cpax 19/25 11 42 9
Plateau CVC 40/42 19 17 15
%CV CgL, 92/58 30/38.5" 34 24

p { Deleted: |

conductance (CVC), peak CVC minus baseline CVC (CVCpk-CVCpy), percentage change

from baseline CVC (%CVCgy ), area under the curve of flux (in PU.s), or percentage of

maximal CVC (%CVC,,x). * without normalizing baseline skin temperature / after

normalizing baseline skin temperature to 33°C. "From ref [77]. *Peak was expressed as

perfusion units (PU), from ref [121]; T From ref [77]; NA: not available

-
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Figure legends

Figure 1. Representative images of nailfold videocapillaroscopy (NVC) with a magnification
x 100. A, Normal pattern showing homogenous distribution of capillary loops. B, Pattern

observed in a patient with systemic sclerosis, showing disorganized enlarged/giant capillaries.

Figure 2. A, Cathodal iontophoresis of vasoadilator drug and control while recording skin
blood flux with laser Doppler imaging (LDI); 1, active electrode containing the drugs; 2,
passive electrode; 3, current generators connected to the electrodes; vacuum cushion to reduce
movement artifacts; 5, head of the imager. B, skin blood flux recorded during iontophoresis
(20 min, 20 pA) of sodium nitroprusside (bottom) and saline (top) after local anesthesia to

avoid axon reflex vasodilation. C, intensity allows easier positioning of the regions of interest.

Figure 3. Example of current-induced vasodilation observed during cathodal iontophoresis
(15 min, 20 or 100 pA) of saline and deionized water. The black bar represents the length of
iontophoresis. Skin blood flux was assessed with laser Doppler imaging (frame rate: 3

images/min). PU: perfusion units.

Figure 4. Example of post-occlusive reactive hyperemia (PORH) recorded on the forearm
with laser Doppler flowmetry (LDF). Hyperemia may be either expressed as peak raw value
(PK), as a function of baseline: peak minus baseline (PK-BL), percentage increase from
baseline (PK%BL) or area under curve (AUC); or as the percentage of vasodilation maximal
vasodilation (reached by heating locally to 4244°C. The kinetics of the response is sometimes
reported as the time to peak (TP) hyperemia (time from cuff release to peak hyperemia, in

seconds). BL: baseline; BZ: biological zero.
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Figure 5. Example of local thermal hyperemia (LTH) recorded on the forearm with laser
speckle contrast imaging (LSCI). Flux is averaged over 3 min for baseline and plateau, and

over 1 min for peak (light bars). PU: perfusion units.
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Figure 6. Typical tracing of skin blood flux assessed with laser Doppler flowmetry during a ,/:// { Formatted
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observed within the first 10 min. Data are expressed as perfusion units (PU). Reproduced with .-~

permission from ref [108].
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to 5): unheated, heated to 36°C, to 39°C, to 42°C and to 44°C, respectively, using laser

speckle contrast imaging (A) and laser Doppler imaging (B).
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Representative images of nailfold videocapillaroscopy (NVC) with a magnification x 100. A, Normal
pattern showing homogenous distribution of capillary loops. B, Pattern observed in a patient with
systemic sclerosis, showing disorganized enlarged/giant capillaries.
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A, Cathodal iontophoresis of vasoadilator drug and control while recording skin blood flux with laser
Doppler imaging (LDI); 1, active electrode containing the drugs; 2, passive electrode; 3, current
43 generators connected to the electrodes; vacuum cushion to reduce movement artifacts; 5, head of

44 the imager. B, skin blood flux recorded during iontophoresis (20 min, 20 pA) of sodium

45 nitroprusside (bottom) and saline (top) after local anesthesia to avoid axon reflex vasodilation. C,
46 intensity allows easier positioning of the regions of interest.

a7 382x398mm (96 x 96 DPI)

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic Email: microcir@msu.edu



©CoO~NOUTA,WNPE

180 -

160

140

Skin Blood Flux (PU)

Example of current-induced vasodilation observed during cathodal iontophoresis (15 min, 20 or 100
MA) of saline and deionized water. The black bar represents the length of iontophoresis. Skin blood
flux was assessed with laser Doppler imaging (frame rate: 3 images/min). PU: perfusion units.

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic Email: microcir@msu.edu

120

100

80

Microcirculation

—s—Deionized water - 100 pA
——NaCl-100 uA
~+—Deionized water - 20 pA
—+—NaCl-20 A

lontophoresis

Tt r— T Tttt Tt T T T T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Time (min)

106x61mm (300 x 300 DPI)

Page 52 of 56



Page 53 of 56 Microcirculation

©CoO~NOUTA,WNPE

L[PK

PK-BL
PK PK%BL

|m BL
16 o ol 2 bk }

17 | 1 BZ

AUC

[
N
Skin Blood Flux

v

19 5-min brachial occlusion Time
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22 flowmetry (LDF). Hyperemia may be either expressed as peak raw value

23 (PK), as a function of baseline: peak minus baseline (PK-BL), percentage increase from baseline

24 (PK%BL) or area under curve (AUC); or as the percentage of vasodilation maximal vasodilation

25 (reached by heating locally to 4244°C. The kinetics of the response is sometimes reported as the

time to peak (TP) hyperemia (time from cuff release to peak hyperemia, in seconds). BL: baseline;
BZ: biological zero.

27 101x41mm (300 x 300 DPI)

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic Email: microcir@msu.edu



©CoO~NOUTA,WNPE

Microcirculation Page 54 of 56

Baseline Peak Plateau
150

[N
o
o

Skin Blood Flux (PU)

(%)
o

S
>

T T T T T T T

0 5 10 15 20 25 30 35

Time (min)

Example of local thermal hyperemia (LTH) recorded on the forearm with laser speckle contrast
imaging (LSCI). Flux is averaged over 3 min for baseline and plateau, and over 1 min for peak (light
bars). PU: perfusion units.
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18 Typical tracing of skin blood flux assessed with laser Doppler flowmetry during a 30-min local
19 cooling at 15 °C on the forearm. An inconstant cold-induced vasodilation is observed within the first
20 10 min. Data are expressed as perfusion units (PU). Reproduced with permission from ref [108].
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Measurement of skin blood flux on different skin sites of the forearm (numbered 1 to 5): unheated,
heated to 36°C, to 39°C, to 42°C and to 44°C, respectively, using laser speckle contrast imaging
(A) and laser Doppler imaging (B).
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