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ABSTRACT

The benefit of enhanced shear stress to the vascular endothelium has been well documented
in conduit arteries but is less well understood in skin microcirculation. The study aim was
to provide physiological evidence of the vascular changes in skin microcirculation induced
by intermittent pneumatic compression (IPC) of 1 second cuff inflation (130 mmHg) every
20 seconds to the palm of the hand for 30 minutes. The oxygenation and hemodynamics of
dorsal mid-phalangeal finger skin microcirculation were assessed by laser Doppler
fluximetry and reflectance spectroscopy before, during and after IPC in 15 young (18-39
years) and 39 older (40-80 years) controls and 32 older subjects with type 2 diabetes
mellitus. Each individual cuff inflation induced: 1) brief surge in flux immediately after
cuff deflation followed by 2) transitory reduction in blood oxygen for ~4 second and 3) a
second increase in perfusion and oxygenation of the microcirculation peaking ~11 seconds
after cuff deflation in all subject groups. With no significant change in blood volume
observed by reflectance spectroscopy, despite the increased shear stress at the observed site
this second peak in flux and blood oxygen suggests a delayed vasoactive response upstream
inducing increased arterial influx in the microcirculation which was higher in older controls
and subjects with diabetes compared to young controls (p<0.001, p<0.001 respectively)
and achieving maximum capillary recruitment in all subject groups. Transitory hypoxic
stimuli with conducted vasodilation may be a mechanism through which IPC enhances
capillary perfusion in skin microcirculation independent of age and type 2 diabetes

mellitus.

KEYWORDS: intermittent pneumatic compression, skin microcirculation, shear stress,

vasodilation, type 2 diabetes mellitus.

NEW& NOTEWORTHY
This study demonstrates that hand intermittent pneumatic compression evokes
transitory hypoxic stimuli in distal finger skin microcirculation inducing
vasodilation of arterial inflow vessels, enhanced perfusion and maximum capillary
recruitment in young and older subjects and older subjects with type 2 diabetes
mellitus. Enhanced shear stress in the microcirculation did not appear to induce

local skin vasodilation.
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INTRODUCTION

In health the cardiovascular system responds spontaneously to perturbations in blood flow
and oxygen demand, whether evoked by exercise, increased metabolic demand or disease,
to maintain homeostasis and this has been linked to vasomotion (58). Multiple signalling
mechanisms may be triggered relating to the accumulation of vasodilator metabolites (17,
41); the existence of oxygen sensors (18, 20, 26, 35, 48); conducted vasodilation inducing
ascending vasodilation in feeding vessels (53, 57) and conversely the veno-arteriolar reflex
causing upstream vasoconstriction in the presence of increased local venous pressure (23).
Integral to these mechanisms, flow-induced shear stress induces endothelial derived
vasodilators (5, 22, 39, 42, 46) where both the duration of the shear stress, whether transient
or sustained, and vessel size have been shown to activate different vasodilators and

different responses (6, 40, 62, 66, 67).

Clinical tools that have been developed to assess this vascular function include flow
mediated dilatation (FMD) in large vessels (14, 22, 36) and post occlusion reactive
hyperaemia (PORH) in the skin microcirculation (6, 24, 34). Both these techniques
measure vascular health as indicated by a vasodilation in response to increased shear stress
to the endothelium following the release of an arterial occlusion. However the underlying
mechanism are likely to differ as in FMD the occlusion is distal to the vessel of interest
and an increased shear stress is the main stimulus whereas in PORH a proximal cuff'is used
which will induce vascular responses due to the accumulations of metabolites as well as a
functional hyperaemia in response to the increased shear stress on release of the cuff (34).
Research has predominantly focussed on the effects of shear stress on the vascular
endothelium in large peripheral conduit arteries by FMD (2). Although a standard FMD
protocol uses a 5 minute arterial cuff to increase shear stress, some investigators have
advocated more physiologically relevant sustained shear stress stimuli to explore flow
mediated vasodilation such as through exercise (47), intermittent pneumatic compression

(55), heating (28); and distal vasodilatory perfusion (40)
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Despite our increased understanding of the role of shear stress in the regulation of blood
flow in conduit arteries its significance in the microcirculation is less well understood.
Therefore the purpose of this study was to use an externally applied pressure-oscillating
system (intermittent pneumatic compression (IPC)) to reduce venous filling and thus
downstream resistance, in order to study the acute effect of altered shear stress in the
microcirculation with minimal perturbation of metabolic demand, thus reducing the
contributions from metabolic vasodilators (52). Single pneumatic compression to the foot
has been shown to increase shear rate and induce vasodilation in the popliteal artery (55)
and in a similar manner single acute mechanical deformation of forearm blood vessels,
with a fast inflating cuff, has also been shown to elicit a rapid vasodilation in the brachial

artery (30) suggesting similar mechanisms might operate in both the foot and hand.

The aims of this study in the skin microcirculation of the hand were to use IPC with a
combination of non-invasive optical techniques to: 1) quantify physiological changes in
the skin microcirculation following a reduction of venous pooling downstream and thus a
local increase in shear stress and 2) compare acute and sustained effect of shear stress
during and after a single period of IPC for 30 minutes, on the skin microcirculation, 3)
examine whether the effects of IPC were altered by age and the presence of type 2 diabetes

mellitus (T2DM).

METHODS

Participants were recruited from a database of research volunteers (Exeter 10000) held by
the National Institute of Health Research (NIHR) Exeter Clinical Research Facility. The
study protocol was approved by the NHS Research Ethics Committee South West - Exeter
(study reference 11/SW/0320). Written informed consent was obtained from all
participants prior to inclusion on the study according to the Declaration of Helsinki. Fifteen
young controls (18 — 40 years), 39 older controls (40 — 80 years) and 32 older subjects with
confirmed T2DM treated by diet and/or oral hypoglycaemic agents only (40 — 80 years)
participated in the study. Of the 32 subjects with T2DM, 62.5% received antihypertensive
medication, the majority received ACE inhibitors or ARBs, either alone (21.9%) or in

combination with calcium channel blockers (12.5%) and/or diuretics (12.5%). One subject
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required the further addition of a beta blocker. One subject received an alpha blocker with
ace inhibitor alone. One subject received a calcium channel blocker and diuretic and a
further patient was on beta blocker alone. Exclusion criteria were: smokers; established
coronary heart disease and/or peripheral artery disease that was clinically symptomatic
with Ankle-Brachial Pressure Index (ABPI) > 0.8; superficial wounds on hand or foot and
Body Mass Index > 40 kgm™. Healthy controls were excluded if they were on anti-
hypertensive, or cholesterol lowering agents; whilst subjects with T2DM were excluded if

they were on insulin or glucagon-like peptide analogue treatment.

Sudy protocol. The participants attended the NIHR Exeter CRF Diabetes and Vascular
Research Centre for the study assessment having taken no food or drink for a minimum of
2 hours before arrival. A comprehensive medical examination was performed during the
screening and a blood sample taken to measure their renal function and HbAlc. The
relevant characteristics of study participants are shown in Table 1. The participants sat in
a relaxed seated position for the duration of the study with their hand supported
approximately 20cm below the heart to ensure continuous venous filling. Subjects were
acclimatised in a temperature controlled laboratory at a room temperature of 24.1 + 1.2°C
(mean + SD) for a 30 minute period with forearm and finger skin temperature monitored
throughout the study (Fluke 52, Washington, USA.). The right index and middle finger

were cleaned with alcohol and bilateral blood pressures were measured.

A VADOplex hand pad (OPED GmbH, Germany) was fitted to the palm of the right hand
(secured gently by Velcro straps) for the delivery of intermittent impulse compression of
130 mmHg (inflation within < 0.5 seconds) and duration of 1 second which repeated at 20
second intervals or 3 cycles per minute, 0.05Hz (Figure 1). A digital pressure cuff was
placed between the metacarpophalangeal and proximal interphalangeal joints of the right
index finger for the measurement of maximum capillary density (MCD) as described
below. To assess skin blood oxygenation by reflectance spectroscopy and skin perfusion
by laser Doppler fluximetry an Oxygen2See combined probe (O2C, LEA Medizintechnik,
Giessen, Germany) was attached, by double-sided adhesive tape, to the dorsum of the right

middle finger in the mid-phalangeal region. Data from the O2C were recorded continuously
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during 20 minutes of baseline (with no intermittent compression), during 30 minutes of
IPC and for 30 minutes post IPC. Analysis of skin oxygenation and flux was performed on
16.7 minutes (1000 seconds) of artefact free data collected at 2Hz at the start of baseline
and 16.7 minutes at the end of the post IPC period; and for periods of 100 seconds at 40Hz
at the start of intermittent impulse compression. Capillary video microscopy (Microscan,
MicroVision Medical, Amsterdam) was performed after an acclimatisation period, in the
mid-phalangeal region of the index finger and recorded three time (see skin capillary

density detailed section and Figures 1 and 2).

Skin oxygenation and perfusion. The hemodynamics and oxygenation of dorsal finger skin
microcirculation were measured by optical reflectance spectroscopy (ORS) using the
combined O2C and an LF-2 surface probe. Continuous white light (500—850 nm) is guided
to the skin via an optical fiber, and backscattered light collected by a detector fiber
encapsulated in the same probe at a distance of 2 mm from the light source. The sampled
volume of tissue is taken to be at a depth of approximately half the probe spacing; therefore,
a total skin thickness of 1 mm is sampled (11). The collected light is spectrally analysed in
steps of 1 nm (500-620 nm) to derive relative concentrations of oxy- and
deoxyhemoglobin. The sum of the derived concentration parameters [HbO2] and [Hb]
provides a measure of changes in blood volume in the skin [rHb] and the mean blood
oxygen saturation is derived from the relationship: SmbO2 = ([HbO2] x100)/([HbO2]+[Hb]).
However, it is important to recognise that ORS calculates the mean values of [HbO:2] and
[Hb] across all vessels in the microcirculation of the skin, therefore the derived SmvO2 is a
measure of mean blood oxygen saturation across arterioles, capillaries and venules.
Incorporated within the O2C probe is an optical fiber that guides the output from a 830 nm
(30 mW) laser diode to the surface of the skin allowing the measurement of skin blood
flux. The probe separation is the same as for optical reflectance spectroscopy, and therefore

the volume of tissue sampled by laser Doppler fluximetry overlaps that studied by ORS.

Skin capillary density. MicroScan (MicroVision Medical, Amsterdam) a handheld tool
that uses sidestream dark field illumination to produce a real-time black and white video

image of red blood cells was used to image red blood cells in the capillaries of the skin.

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205

Capillaroscopy can only image vessels containing red blood cell therefore as skin
capillaries are perfused intermittently, the observed capillary density changes with time
and the tissue haemodynamics. Mean baseline capillary density in the literature for healthy
dorsal mid-phalangeal finger skin ranges from 80 to 135 n.mm™ (19, 21, 60) and it has
been suggested that this wide range in resting capillary density arises from the
heterogeneity of skin microcirculation (50) and the effects of vasomotion. To account for
the effect of such variation, our study calculated mean capillary density from an average of
six consecutive 20 second videos of adjacent areas of skin between the proximal and distal
phalangeal joints of the index finger at three time points to determine maximum capillary
density (MCD) (capillary density counted after venous cuff occlusion for 5 minutes to fill
all capillaries), baseline capillary density (BCD) and after intermittent impulse
compression (IPCCD) as described above. The mean capillary density at each time point
for each subject was averaged from the number of perfused capillaries (those containing
red blood cells) observed over the 20 second in each of the 6 videos. The change within an
individual due to IPC was assessed by: 1) absolute change in capillary density from
baseline to post use of IPC (IPCCD-BCD) n.mm™ and 2) %Recruitment as (IPCCD —
BCD)/BCD expressed as a percentage (both changes between baseline and after IPC were
tested using a paired t-test). The maximum change, within an individual, induced by a
venous cuff occlusion was assessed by: 1) absolute change in capillary density from
baseline to 5 minutes of a venous cuff (MCD - BCD) n.mm™ and 2) %Recruitment as

(MCD — BCD)/BCD expressed as a percentage (paired t-test).

Satistics. The power calculation was based on capillary recruitment data from a large study
population of 524 individuals aged between 40 — 75 years with BCD (72 + 16 n.mm™) and
MCD by venous occlusion (104 + 17 n.mm™) which demonstrated that capillary density
increased by almost 2 SD from baseline to maximum capillary density in health (64). Our
study was powered to detect an increase in capillary density from baseline to post IPC of
0.5 SD as a pragmatic approach as there are no pilot data on which to base this calculation
of the effect of IPC. The 0.5 SD or ~8 capillaries mm™ is considered to be a physiologically
meaningful increase. It is for example the mean difference seen in MCD between

normotensive and hypertensive subjects (54). Data were analyzed using IBM Statistics 24
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(SPSS Inc., Chicago, USA) with data sets tested for normality using the Kolmogororv-
Smirnov test. Standard 2-tailed Student’s t-tests and Mann-Whitney U and Wilcoxon tests
were used as appropriate with significance defined as P < 0.05. Values presented as mean

+ SD with boxplots presented as median and interquartile range.

RESULTS

Baseline subject characteristics

Older subjects, with and without diabetes, had higher blood pressures than the younger
subjects (SBP: 131.1 + 14.6 and 125.3 + 12.5 vs 114.2 + 13.1 mmHg (p>0.001, p<0.005,
respectively). Subjects with T2DM had higher BMI, %body fat and HbA 1¢ than the older
controls as expected and were older (Table 1). Baseline skin flux in the young and older
subjects was positively correlated with skin temperature (p<0.008 (young controls), p<0.01
(older controls)) but this correlation was lost in older subjects with diabetes (ns) (data not
presented). Older subjects with T2DM demonstrated a higher and wider range of baseline
fluxes (66.6 = 39.6 au) compared to young and older subjects without diabetes (30.0 +23.4
41.8 + 30.1, respectively) despite no significant difference in finger temperature between
the 3 groups. This trend was similarly reflected in the mean red blood cell velocity (Table
2). Older controls and older subjects with diabetes both had a significantly higher baseline
(before IPC) capillary density compared to the healthy young controls, but differences
between the two older groups were not significant:101.0 + 14.1 and 103.3 + 16.74 n.mm™
(older healthy subjects and subjects with diabetes respectively) vs 90.4 = 10.7 no.mm™
young controls, (p<0.03, p<0.03, Table 1). Baseline capillary density did not correlate with

skin temperature (data not presented).

Multiple linear regression analysis was used to evaluate the association of SBP, age, sex,
BMI, T2DM, ace inhibitors/angiotensin receptor blocker and calcium channel blockers
with the study outcomes. Across the whole cohort, age was the only significant predictor
of the observed increase in blood flux (Fauc) following each impulse cuff compression
(p<0.001) and linear regression analysis demonstrated age to be positively associated with
Fauc (r=0.44, p<0.001). The only significant predictor of BCD and MCD was sex (Mean
difference, 95% CI) 9.8 (3.3 — 16.3) n.mm™ p<0.04 and 14.3 (7.3 — 21.4) n.mm™ p<0.001
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respectively with females having a significantly higher BCD and MCD than males. There
was no statistical effect of SBP on BCD and MCD and antihypertensive medication taken

only in subjects with T2DM was not a significant confounding variable.

Acute effects of IPC on skin perfusion and oxygenation.

The acute effects induced by IPC on the hemodynamics and oxygenation of blood in the
microcirculation of finger skin were recorded by a combined optical spectroscopy and laser
Doppler fluximetry probe (Figure 3 and 4A). For each subject detailed analysis of the acute
effects of IPC was undertaken from the average of 5 compression cycles recorded during
the first 100 seconds of IPC when data was collected at 40Hz. With each short 1 second
130 mmHg intermittent pneumatic compression there was an instantaneous movement
artefact followed by a temporary rapid surge in flux for ~2 seconds defined as Peakmech .
After a delay from cuff deflation of ~4 seconds (Tdclay) there followed a steady increase in
flux and mean red blood cell velocity in the finger microcirculation (Table 3, Figure 4B).
The rise time in flux was 7.7 £ 1.9 s (young subjects), 7.2 = 2.2 s (older subjects) and 6.5
+ 2.3 s (subject with diabetes) peaking at Tpeak ~ 11 seconds after cuff deflation. There was

no significant different in these flux parameters between the groups (ns, Table 3).

During the acute compression of the cuff and emptying of the venous compartment the
mean blood oxygenation across all vessels in the skin microcirculation fell from baseline
(ArrcSmbO2) in all subject groups (Figure 4B). This fall was then immediately followed by
a rise in blood oxygenation (AvasoSmbO2) simultaneous with the second surge in flux
(Peakvaso). Neither ArcSmbO2 nor AvasoSmbO2 were significantly different between the
groups (ns, Table 3). With the increase in blood oxygenation AvasoSmbO2 there was an
increase in concentration of oxyhemoglobin [HbOz] in the skin microcirculation, an equal
and opposite decrease in deoxyhemoglobin [Hb] and a small change in total blood volume
[rHb] contemporaneous with the change in [HbO:]. This is indicative of an influx of arterial
blood into the microcirculation starting approximately 4 seconds following the completion
of each cuff inflation/deflation cycle. This arterial influx is quantified by two terms 1)
fluxauc: area under curve to flux peak following each intermittent compression and 2)

[HbOz]auc: area under curve of the simultaneous increase in the oxygen content of the
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blood [HbOz] in the skin microcirculation (Figure 5). For young subjects there was a
correlation between fluxauc and [HbO2]auc (r=0.82, p<0.001) but not in older subjects with
or without diabetes. Fluxauc was highly variable in older subjects with and without diabetes
(Figure 6) and on average significantly higher than in younger subjects (p<0.001, p<0.001)
respectively (Table 3 and Figure 6). This increase in flux in response to IPC (fluxauc) was
associated with age in all control subjects aged 18 — 80 years (r = 0.44, p<0.001) but not in
older subjects with diabetes (ns, data not shown). There was no significant difference in
the increase in concentration of oxyhemoglobin in the microcirculation ([HbO:2]auc)

following each intermittent compression across the three groups (Table 3).

Sustained effect of intermittent pneumatic compression on skin perfusion and capillary
density.

Thirty minutes of IPC did not significantly alter the mean overall skin flux, red blood cell
velocity, mean blood volume and mean blood oxygen compared to baseline in all groups
as determined by laser Doppler fluximetry and reflectance spectroscopy (Table 4).
However this sustained period of 30 minutes of IPC to the palm of the hand did induce the
recruitment of more capillaries in the dorsal finger skin of all subjects. Post IPC capillary
density (IPCCD) was significantly higher than baseline capillary density for all three
groups: IPCCD vs BCD 102.1 £ 12.9 vs 90.4 £ 10.7 n.mm (young controls, p< 0.001),
110.1 = 14.4 vs 101.0 £ 14.1 n.mm™ (older controls, p< 0.001)), 111.3 £ 19.2 vs 103.3 +
16.4 n.mm™ (older subjects with diabetes, p< 0.001) (Figure 7). In all subjects there was
no time effect on the number of capillaries counted across the 6 videos recorded over a 6

minute period (Wilks’ Lamda, ns).

Following 30 minutes of IPC across the three subject groups there was no difference in
absolute capillary density (IPCCD), increase in capillary density (IPCCD — BCD) or
%Recruitment (Table 5). This was despite older controls and older subjects with diabetes
both having higher baseline (before IPC) capillary density compared to the healthy young
controls. [IPCCD %Recruitment was not different in all three groups, independent of age,
9.2 + 6.0% (older controls) vs 13.2 + 8.6% (young controls, ns) and diabetes 9.2 + 6.0%
(older controls) vs 8.0 + 5.6% (older subjects with diabetes, ns, Table 5).
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Maximum capillary density induced by a 5 minute application of a 50 mmHg venous cuff
to the base of the finger was significantly higher than BCD for all three groups (Figure 7):
MCD vs BCD 104.8 + 13.7 vs 90.4 + 10.7 n.mm (young controls, p< 0.001), 112.0 £ 13.3
vs 101.0 + 14.1 n.mm (older controls, p< 0.001)), 112.3 £ 19.9 vs 103.3 + 16.4 n.mm™
(older subjects with diabetes, p< 0.001, Table 5). Maximum capillary density induced by
venous occlusion was not significantly different across the three subject groups whether
derived as absolute MCD, increase in capillary density (MCD — BCD) or as %Recruitment
(Table 2). This was again despite older controls and older subjects with diabetes both
having higher BCD compared to the healthy young controls (Table 5).

Thirty minutes of IPC achieved an increase in capillary density from baseline (IPCCD)
equal in magnitude to the maximum capillary density (MCD) after a 5 minute venous cuff
in all subjects except in older controls where IPC did not attain maximum capillary density
(p<0.03), Table 5). The mean difference between MCD and IPCCD (95% CI) was 0.98
(0.93 —1.03) n.mm™ p< 0.001 across the study cohort. Thirty minutes of IPC induced 100.5
+ 3.6% of the maximum capillary density in young subjects, 99.0 & 2.6% in older subjects
and 99.6 + 3.8% in subjects with diabetes and there was no difference in % capillary

recruitment either by a venous occlusion cuff or IPC between the groups.

DISCUSSION

This study provides new insight into the mechanisms through which a transitory reduction
in blood oxygen and increased shear stress induced by intermittent pneumatic compression
enhances the perfusion of skin microcirculation. The initial brief surge in flux (Peakmech)
induced mechanically by each cuff inflation with IPC is followed by an acute local
transitory fall in blood oxygenation. This induces a delayed second increase in both blood
flux (Peakvaso) and oxygenation to the finger microcirculation downstream indicative of
vasodilation. At the skin measurement site there were minimal changes in blood volume
suggesting there is minimal vasodilation in the local skin microcirculation but that the

vasodilation is being induced upstream in feeding vessels. At the cessation of IPC this
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mechanism does not induce a sustained alteration in skin blood flux and oxygenation but

does achieve sustained skin maximum capillary recruitment.

Acute effect of intermittent impul se compression

Here we present novel data that reveals that each one second intermittent pneumatic
compression to the palm of the hand induces two separate peaks in flux 1) a brief surge in
flux immediately after cuff deflation (Peakmech) and 2) a delayed increase in flux (~4
seconds after cuff deflation) consistent with a vasodilation rising to a peak at ~11 seconds
post IPC (Peakvaso). Between these two peaks there is a period of reduced blood
oxygenation in the finger skin microcirculation. We have previously described how
vasomotion in skin microcirculation can improve local perfusion through spontaneous
intermittent hypoxic vasodilation triggered by a low blood oxygenation (58). That study in
dorsal forearm skin demonstrated a spontaneous cyclical fall in the mean blood
oxygenation in the microcirculation (SmbO2) of ~7% was followed by a surge of oxygenated
blood for ~10-15 seconds. It was hypothesised that this vasomotion may be attributed to
hypoxic vasodilation induced by red blood cells oxygen sensors. In this current study we
observe brief falls in oxygenations of ~4% induced by IPC which precede surges in flux
and mean blood oxygenation in the microcirculation (SmbO2). Sheldon et al have previous
shown that following each individual cuff deflation, IPC to the calf increases blood flow
and shear rate in the popliteal artery (55). Shear stress is proportional to blood velocity and
viscosity and inversely related to vessel diameter. Assuming constant viscosity then the
changes we observe in blood flux in the skin microcirculation without a change in blood
volume would suggest an increase in shear stress but the lack of increase in total blood

volume suggests this occurs without local skin microcirculatory vasodilation.

Studies in large vessels show that IPC induces periods of increased arterial inflow (33, 55)
that have been attributed to both mechanical effects and enhanced shear stress (7, 55). We
postulate that in our study in the microcirculation distal from the IPC cuff that the surge in
flux immediately following cuff deflation (Peakmech) is a consequence of the external
compression to the venous plexus in the hand displacing blood proximally. This has

previously been demonstrated in femoral and popliteal veins with IPC to the foot and calf
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(16) and increasing the arteriovenous pressure gradient (15) in the finger. We suggest that
the second delayed increase in flux (Peakvaso) which follows a brief period of reduced blood
oxygenation results from a delayed shear stress-induced dilation in feeding vessels rather
than local vasodilation as we do not see a local increase in blood volume. This mechanism
would be similar to that described as conducted vasodilation by Segal in muscle (57).
However this lack of change in blood volume in the skin microcirculation in our study
might also be due to a lack of co-ordinated vasodilation across the microcirculation in the
measurement area or a reduction in downstream resistance with capillary recruitment.
Surges in blood flux in response to IPC have been reported beneath an intermittent
pneumatic cuff in forearm skin peaking at ~ 5 seconds after cuff deflation (52). We believe
this shorter time to peak may be due to the probe site being under the cuff in that study
rather than downstream as in our study and therefore the response may be dominated by
direct compression-induced vasodilation of vessels rather than vasodilation of upstream

feeding vessels.

Synchronous with this increased vasodilatory flux response (Peakvaso) in all subject groups
there is an almost equal increase in concentration of oxyhemoglobin [HbO:z] and decrease
in deoxhemoglobin [Hb] resulting in minimal change in blood volume and indicative of
increased arterial inflow. This increase in [HbOz] and washout of [Hb] after each impulse
compression may be limited by the capacity of the local microcirculation and/or the
metabolic demands of the tissue. In young controls we observe a correlation between the
increasing hyperaemic flux (Fauc) with the increase in oxygenated hemoglobin [HbOz2]
which would indicate arterial inflow where oxygen demand is already matched. A similar
association has been observed in response to IPC in the calf muscle of young subjects but
with sustained blood oxygenation for >100 seconds (37). This prolonged increase in blood
oxygenation in muscle compared to skin may be a consequence of the eightfold higher
capillary density in muscle compared to skin (313 and 317 vs. 38 number/mm?) (3, 13, 45)

sustaining oxygen demand.

Vasodilation responses to IPC in skin compared to muscle studies
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In muscle microcirculation similar biphasic responses known as contraction-induced rapid
onset vasodilation (ROV) are also observed with the onset of exercise (8, 38). A rapid
increase in blood flow within the first second is attributed to an acute mechanical effect of
muscle contraction (muscle pump) followed by an additional active dilatation of resistance
vessels (56, 63) peaking around 4 seconds and induced by vasoactive metabolites released
from contracting fibres (9, 30, 65) and the vascular endothelium (9). Kirby et al
demonstrated that a brief isometric muscle contraction resulted in peak vasodilation post
contraction in ~4 - 7 cardiac cycles in the muscle bed increasing forearm vascular
compliance whilst a single 200mmHg impulse cuff inflation to the forearm muscle evoked
a reduced peak vasodilation within 2 cardiac cycles (30). Similar time scales for
contraction-induced vasodilation are observed in the leg with peak vasodilation occurring
in ~ 5 cardiac cycles (10). The inconsistent temporal patterns in flux induced by IPC and
exercise may be explained in part by pioneering research on conducted vasodilation (65).
Segal identified two separate endothelial signalling pathways inducing upstream
vasodilation in feed arteries at the onset of exercise: 1) endothelium-derived
hyperpolarisation in response to a brief tetanic contraction with an instantaneous spread in
electrical signal upstream and contract-induced rapid onset vasodilation in < 1 second (4)
and 2) a delayed nitric oxide mediated vasodilation in feeding vessels in response to
luminal shear stress which increases secondary to arteriolar dilation downstream (57).
Segal points out that this second mechanism inducing flow-mediated dilation has a
temporal component depending upon the site of measurement. In a standard FMD protocol
peak dilation in the conduit vessel occurs around 40 seconds (43) whilst in the present study
in the microcirculation, flow-mediated dilation appeared after 8-10 seconds consistent with
that observed in feeding arterioles (32). Studies of oxygenation saturation in muscle
microcirculation using near infrared spectroscopy also point to a role for hypoxic
vasodilation in ROV with a transitory increase in deoxyhemoglobin at the onset of exercise

(31, 44, 61).
Sustained effect of intermittent impul se compression

This study demonstrates for the first time that when continuous IPC is applied to young

and older healthy volunteers or to individuals with type 2 diabetes mellitus its effect is to:
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1) increase skin capillary density 2) produce maximal capillary recruitment in all subjects.
This pragmatic study demonstrated that IPC improved capillary perfusion in people with
T2DM who were receiving antihypertensive medication as well as those who were not.
Although the intermittent increase in skin flux and perfusion of oxygenation blood at a
microcirculatory level during IPC is thought to instigate the capillary recruitment, these
haemodynamic parameters return to baseline at the end of IPC whilst all capillaries
continue to remain perfused. Other studies have reported this return of flux to baseline

levels after the cessation of IPC (1, 25, 33).

Effect of age and type 2 diabetes mellitus on response to |IPC

Dysfunctional microcirculation is well documented with both increasing age and diabetes
and so in this study comparisons were made between young and old subjects and with a
group of older subjects with T2DM. We have shown that at baseline older subjects, both
with and without diabetes have a higher and wider range of skin flux, higher mean red
blood cell velocity and higher capillary density, independent of temperature. Jan et al (27)
also report an increased skin flux with age in the dorsal foot and argued that this resulted
from a loss of vasoactive control and diminishing microvascular reactivity in T2DM.
Indeed the correlation we observed between skin flux and temperature in both the control
groups is lost in subjects with diabetes. Age was the only significant predictor of the
increase in blood flux (Fauc) with IPC. In all older subjects with and without diabetes, each
1 second pneumatic compression produced a higher increase in flux (fluxauc) compared to
young subjects suggesting that tight blood flow regulation is perturbed. Surprisingly this
greater increase in Fluxauc with age did not equate to a proportional increase in
concentration of oxygenated blood into the volume of tissue under investigation. In young
controls the increased arterial inflow appears superfluous to oxygen demand and [HbOz]
increases proportionally. In older subjects with higher baseline capillary densities and
mitochondrial dysfunction with diabetes (49, 51) potential unmatched oxygen demand may

be utilising the increased [HbOz].

Clinical implications
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This study suggests for the first time that increased perfusion and capillary recruitment may
be a mechanism through which IPC can provide clinical benefits to the skin. Capillary
rarefaction has been associated with a range of cardiovascular and metabolic disorders such
as hypertension (54), coronary artery disease (60), diabetes (12) and obesity (29). The
microvascular dysfunction common to these conditions, where a clinically significant
different capillary density occurs at ~ 10 capillaries.mm™ (54, 59, 60), can lead to
conditions such as impaired wound healing as seen with diabetic foot ulcers and venous
ulceration. Our results suggest that IPC can increase capillary density by ~ 10

capillaries.mm™ independent of age and diabetic status.

Limitations of this study include the complications of blood flow regulation in the skin for
thermoregulation. However, there was no significant difference between the subject groups
in skin temperature and no significant difference in skin temperature before and after IPC,
making the confounding effects of skin thermoregulation unlikely. Data collection was
performed at 0.5Hz throughout the study and could only be increased to 40Hz for 100
second periods. Collecting data at a higher frequency for longer periods would have
allowed the coherence of flux and blood oxygenation to be analysed using tools such as
wavelet analysis. This future research would provide further insight into the coupling

mechanisms that regulate the delivery of oxygen in the microcirculation.

In conclusion this study has identified transitory hypoxic stimuli with conducted
vasodilation as a possible mechanism through which intermittent pneumatic compression
enhances perfusion of oxygenated blood to skin microcirculation, eliciting maximum
capillary recruitment. Although IPC induced frequent surges of oxygenated blood flux and
associated shear stress in the skin microcirculation there were no significant increases in
blood volume suggesting local vasodilation was not observed. This suggests that despite
increased shear stress in the microcirculation, the mechanism by which IPC enhanced
perfusion in the skin was by delayed vasodilation upstream from the site of study in

response to a downstream reduction in blood oxygenation.

ACKNOWLEDGEMENTS

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



483
484
485
486
487
488
489
490
491
492

17

Authors would like to thank all study participants for their contribution to this study.
Participant recruitment was facilitated by the NIHR Exeter Clinical Research Facility, a
partnership between the University of Exeter Medical School College of Medicine and
Health, and Royal Devon and Exeter NHS Foundation Trust. This study was supported by
the National Institute for Health Research (NIHR) Exeter Clinical Research Facility and
partially funded by relatives of Mr Gardner, with no involvement in the study, and Dr Fox.
Equipment was loaned by OPED GmbH with consumables. The authors have no conflict
of interest. The views expressed are those of the authors and not necessarily those of the

NIHR or the Department of Health and Social Care.

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538

18

REFERENCES

l.

10.

11.

12.

13.

14.

15.

16.

Abu-Own A, Cheatle T, Scurr JH, and Coleridge Smith PD. Effects of intermittent
pneumatic compression of the foot on the microcirculatory function in arterial disease.
Eur J Vasc Surg 7: 488-492, 1993.

Aizawa K, Sbragi S, Ramalli A, Tortoli P, Casanova F, Morizzo C, Thorn CE,
Shore AC, Gates PE, and Palombo C. Brachial artery vasodilatory response and wall
shear rate determined by multigate Doppler in a healthy young cohort. J Appl Physiol
(1985) 124: 150-159, 2018.

Andersen P. Capillary density in skeletal muscle of man. Acta Physiol Scand 95: 203-
205, 1975.

Behringer EJ, and Segal SS. Tuning electrical conduction along endothelial tubes of
resistance arteries through Ca(2+)-activated K(+) channels. Circ Res110: 1311-1321,
2012.

Bellien J, Iacob M, Gutierrez L, Isabelle M, Lahary A, Thuillez C, and Joannides
R. Crucial role of NO and endothelium-derived hyperpolarizing factor in human
sustained conduit artery flow-mediated dilatation. Hypertension 48: 1088-1094, 2006.
Binggeli C, Spieker LE, Corti R, Sudano I, Stojanovic V, Hayoz D, Luscher TF,
and Noll G. Statins enhance postischemic hyperemia in the skin circulation of
hypercholesterolemic patients: a monitoring test of endothelial dysfunction for clinical
practice? J Am Coll Cardiol 42: 71-77, 2003.

Chen AH, Frangos SG, Kilaru S, and Sumpio BE. Intermittent pneumatic
compression devices -- physiological mechanisms of action. Eur J Vasc Endovasc
Surg 21: 383-392, 2001.

Clifford PS. Skeletal muscle vasodilatation at the onset of exercise. J Physiol 583:
825-833, 2007.

Crecelius AR, Kirby BS, Luckasen GJ, Larson DG, and Dinenno FA. Mechanisms
of rapid vasodilation after a brief contraction in human skeletal muscle. Am J Physiol
Heart Circ Physiol 305: H29-40, 2013.

Credeur DP, Holwerda SW, Restaino RM, King PM, Crutcher KL, Laughlin
MH, Padilla J, and Fadel PJ. Characterizing rapid-onset vasodilation to single
muscle contractions in the human leg. J Appl Physiol (1985) 118: 455-464, 2015.
Cui W, Wang N, and Chance B. Study of photon migration depths with time-resolved
spectroscopy. Opt Lett 16: 1632-1634, 1991.

de Boer MP, Meijer RI, Newman J, Stehouwer CD, Eringa EC, Smulders YM,
and Serne EH. Insulin-induced changes in microvascular vasomotion and capillary
recruitment are associated in humans. Microcirculation 21: 380-387, 2014.

de Jongh RT, Clark AD, RG 1J, Serne EH, de Vries G, and Stehouwer CD.
Physiological hyperinsulinaemia increases intramuscular microvascular reactive
hyperaemia and vasomotion in healthy volunteers. Diabetologia 47: 978-986, 2004.
Deanfield JE, Halcox JP, and Rabelink TJ. Endothelial function and dysfunction:
testing and clinical relevance. Circulation 115: 1285-1295, 2007.

Delis KT, Labropoulos N, Nicolaides AN, Glenville B, and Stansby G. Effect of
intermittent pneumatic foot compression on popliteal artery haemodynamics. Eur J
Vasc Endovasc Surg 19: 270-277, 2000.

Delis KT, Slimani G, Hafez HM, and Nicolaides AN. Enhancing venous outflow in
the lower limb with intermittent pneumatic compression. A comparative

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

19

haemodynamic analysis on the effect of foot vs. calf vs. foot and calf compression.
Eur J Vasc Endovasc Surg 19: 250-260, 2000.

Delp MD, and Laughlin MH. Regulation of skeletal muscle perfusion during
exercise. Acta Physiol Scand 162: 411-419, 1998.

Diesen DL, Hess DT, and Stamler JS. Hypoxic vasodilation by red blood cells:
evidence for an s-nitrosothiol-based signal. Circ Res 103: 545-553, 2008.
Francischetti EA, Tibirica E, da Silva EG, Rodrigues E, Celoria BM, and de
Abreu VG. Skin capillary density and microvascular reactivity in obese subjects with
and without metabolic syndrome. Microvasc Res 81: 325-330, 2011.
Gonzalez-Alonso J, Olsen DB, and Saltin B. Erythrocyte and the regulation of
human skeletal muscle blood flow and oxygen delivery: role of circulating ATP. Circ
Res91: 1046-1055, 2002.

Govoni V, Sanders TA, Reidlinger DP, Darzi J, Berry SE, Goff LM, Seed PT,
Chowienczyk PJ, and Hall WL. Compliance with dietary guidelines affects capillary
recruitment in healthy middle-aged men and women. Eur J Nutr 56: 1037-1044, 2017.
Green DJ, Dawson EA, Groenewoud HM, Jones H, and Thijssen DH. Is flow-
mediated dilation nitric oxide mediated?: A meta-analysis. Hypertension 63: 376-382,
2014.

Hassan AA, and Tooke JE. Mechanism of the postural vasoconstrictor response in
the human foot. Clin Sci (Lond) 75: 379-387, 1988.

Higashi Y, Sasaki S, Nakagawa K, Ueda T, Yoshimizu A, Kurisu S, Matsuura H,
Kajiyama G, and Oshima T. A comparison of angiotensin-converting enzyme
inhibitors, calcium antagonists, beta-blockers and diuretic agents on reactive
hyperemia in patients with essential hypertension: a multicenter study. J Am Coll
Cardiol 35: 284-291, 2000.

Husmann M, Willenberg T, Keo HH, Spring S, Kalodiki E, and Delis KT. Integrity
of venoarteriolar reflex determines level of microvascular skin flow enhancement with
intermittent pneumatic compression. J Vasc Surg 48: 1509-1513, 2008.

Jagger JE, Bateman RM, Ellsworth ML, and Ellis CG. Role of erythrocyte in
regulating local O2 delivery mediated by hemoglobin oxygenation. Am J Physiol
Heart Circ Physiol 280: H2833-2839, 2001.

Jan YK, Liao F, Cheing GLY, Pu F, Ren W, and Choi HMC. Differences in skin
blood flow oscillations between the plantar and dorsal foot in people with diabetes
mellitus and peripheral neuropathy. Microvasc Res 122: 45-51, 2019.

Joannides R, Costentin A, Iacob M, Compagnon P, Lahary A, and Thuillez C.
Influence of vascular dimension on gender difference in flow-dependent dilatation of
peripheral conduit arteries. Am J Physiol Heart Circ Physiol 282: H1262-1269, 2002.
Ketel 1J, Serne EH, Ijzerman RG, Korsen TJ, Twisk JW, Hompes PG, Smulders
YM, Homburg R, Vorstermans L, Stehouwer CD, and Lambalk CB. Insulin-
induced capillary recruitment is impaired in both lean and obese women with PCOS.
Hum Reprod 26: 3130-3137, 2011.

Kirby BS, Carlson RE, Markwald RR, Voyles WF, and Dinenno FA. Mechanical
influences on skeletal muscle vascular tone in humans: insight into contraction-
induced rapid vasodilatation. J Physiol 583: 861-874, 2007.

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

20

Koga S, Okushima D, Barstow TJ, Rossiter HB, Kondo N, and Poole DC. Near-
infrared spectroscopy of superficial and deep rectus femoris reveals markedly different
exercise response to superficial vastus lateralis. Physiological reports5: 2017.
Koller A, and Kaley G. Endothelium regulates skeletal muscle microcirculation by a
blood flow velocity-sensing mechanism. Am J Physiol 258: H916-920, 1990.
Labropoulos N, Leon LR, Jr., Bhatti A, Melton S, Kang SS, Mansour AM, and
Borge M. Hemodynamic effects of intermittent pneumatic compression in patients
with critical limb ischemia. J Vasc Surg 42: 710-716, 2005.

Lorenzo S, and Minson CT. Human cutaneous reactive hyperaemia: role of BKCa
channels and sensory nerves. J Physiol 585: 295-303, 2007.

Maher AR, Milsom AB, Gunaruwan P, Abozguia K, Ahmed I, Weaver RA,
Thomas P, Ashrafian H, Born GV, James PE, and Frenneaux MP. Hypoxic
modulation of exogenous nitrite-induced vasodilation in humans. Circulation 117:
670-677, 2008.

Matsuzawa Y, Kwon TG, Lennon RJ, Lerman LO, and Lerman A. Prognostic
Value of Flow-Mediated Vasodilation in Brachial Artery and Fingertip Artery for
Cardiovascular Events: A Systematic Review and Meta-Analysis. J Am Heart Assoc
4:2015.

Messere A, Ceravolo G, Franco W, Maffiodo D, Ferraresi C, and Roatta S.
Increased tissue oxygenation explains the attenuation of hyperemia upon repetitive
pneumatic compression of the lower leg. J Appl Physiol (1985) 123: 1451-1460, 2017.
Mihok ML, and Murrant CL. Rapid biphasic arteriolar dilations induced by skeletal
muscle contraction are dependent on stimulation characteristics. Can J Physiol
Pharmacol 82: 282-287, 2004.

Mitchell JA, Ali F, Bailey L, Moreno L, and Harrington LS. Role of nitric oxide
and prostacyclin as vasoactive hormones released by the endothelium. Exp Physiol 93:
141-147, 2008.

Mullen MJ, Kharbanda RK, Cross J, Donald AE, Taylor M, Vallance P,
Deanfield JE, and MacAllister RJ. Heterogenous nature of flow-mediated dilatation
in human conduit arteries in vivo: relevance to endothelial dysfunction in
hypercholesterolemia. Circ Res 88: 145-151, 2001.

Murrant CL, and Sarelius IH. Coupling of muscle metabolism and muscle blood
flow in capillary units during contraction. Acta Physiol Scand 168: 531-541, 2000.
Osanai T, Fujita N, Fujiwara N, Nakano T, Takahashi K, Guan W, and Okumura
K. Cross talk of shear-induced production of prostacyclin and nitric oxide in
endothelial cells. AmJ Physiol Heart Circ Physiol 278: H233-238, 2000.

Pohl U, Holtz J, Busse R, and Bassenge E. Crucial role of endothelium in the
vasodilator response to increased flow in vivo. Hypertension 8: 37-44, 1986.

Poole DC. Edward F. Adolph Distinguished Lecture. Contemporary model of muscle
microcirculation: gateway to function and dysfunction. J Appl Physiol (1985) 127:
1012-1033, 2019.

Prior SJ, Goldberg AP, Ortmeyer HK, Chin ER, Chen D, Blumenthal JB, and
Ryan AS. Increased Skeletal Muscle Capillarization Independently Enhances Insulin
Sensitivity in Older Adults After Exercise Training and Detraining. Diabetes 64: 3386-
3395, 2015.

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

21

Pyke K, Green DJ, Weisbrod C, Best M, Dembo L, O'Driscoll G, and
Tschakovsky M. Nitric oxide is not obligatory for radial artery flow-mediated dilation
following release of 5 or 10 min distal occlusion. Am J Physiol Heart Circ Physiol
298: H119-126, 2010.

Pyke KE, Poitras V, and Tschakovsky ME. Brachial artery flow-mediated dilation
during handgrip exercise: evidence for endothelial transduction of the mean shear
stimulus. AmJ Physiol Heart Circ Physiol 294: H2669-2679, 2008.

Reynolds JD, Ahearn GS, Angelo M, Zhang J, Cobb F, and Stamler JS. S-
nitrosohemoglobin deficiency: a mechanism for loss of physiological activity in
banked blood. Proc Natl Acad Sci U SA 104: 17058-17062, 2007.

Ritov VB, Menshikova EV, Azuma K, Wood R, Toledo FG, Goodpaster BH,
Ruderman NB, and Kelley DE. Deficiency of electron transport chain in human
skeletal muscle mitochondria in type 2 diabetes mellitus and obesity. Am J Physiol
Endocrinol Metab 298: E49-58, 2010.

Roustit M, Blaise S, Millet C, and Cracowski JL. Reproducibility and
methodological issues of skin post-occlusive and thermal hyperemia assessed by
single-point laser Doppler flowmetry. Microvasc Res 79: 102-108, 2010.

Sakurai T, and Terui N. Effects of sympathetically induced vasomotion on tissue-
capillary fluid exchange. Am J Physiol Heart Circ Physiol 291: H1761-1767, 2006.
Seddone S, Messere A, and Roatta S. Vascular reactivity of cutaneous circulation to
brief compressive stimuli, in the human forearm. Eur J Appl Physiol 120: 1041-1050,
2020.

Segal SS. Microvascular recruitment in hamster striated muscle: role for conducted
vasodilation. Am J Physiol 261: H181-189, 1991.

Serne EH, Gans RO, ter Maaten JC, Tangelder GJ, Donker AJ, and Stehouwer
CD. Impaired skin capillary recruitment in essential hypertension is caused by both
functional and structural capillary rarefaction. Hypertension 38: 238-242, 2001.
Sheldon RD, Roseguini BT, Thyfault JP, Crist BD, Laughlin MH, and Newcomer
SC. Acute impact of intermittent pneumatic leg compression frequency on limb
hemodynamics, vascular function, and skeletal muscle gene expression in humans. J
Appl Physiol (1985) 112: 2099-2109, 2012.

Shoemaker JK, Tschakovsky ME, and Hughson RL. Vasodilation contributes to
the rapid hyperemia with rhythmic contractions in humans. Can J Physiol Pharmacol
76: 418-427, 1998.

Sinkler SY, and Segal SS. Rapid versus slow ascending vasodilatation: intercellular
conduction versus flow-mediated signalling with tetanic versus rhythmic muscle
contractions. J Physiol 595: 7149-7165, 2017.

Thorn CE, Kyte H, Slaff DW, and Shore AC. An association between vasomotion
and oxygen extraction. Am J Physiol-Heart C 301: H442-H449, 2011.

Tibirica E, Rodrigues E, Cobas R, and Gomes MB. Impairment of skin capillary
recruitment precedes chronic complications in patients with type 1 diabetes. Rev
Diabet Stud 4: 85-88, 2007.

Tibirica E, Souza EG, De Lorenzo A, and Oliveira GM. Reduced systemic
microvascular density and reactivity in individuals with early onset coronary artery
disease. Microvasc Res97: 105-108, 2015.

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699

61.

62.

63.

64.

65.

66.

67.

22

Towse TF, Slade JM, Ambrose JA, DeLLano MC, and Meyer RA. Quantitative
analysis of the postcontractile blood-oxygenation-level-dependent (BOLD) effect in
skeletal muscle. J Appl Physiol (1985) 111:27-39, 2011.

Tremblay JC, and Pyke KE. Flow-mediated dilation stimulated by sustained
increases in shear stress: a useful tool for assessing endothelial function in humans?
AmJ Physiol Heart Circ Physiol 314: H508-H520, 2018.

Tschakovsky ME, Rogers AM, Pyke KE, Saunders NR, Glenn N, Lee SJ,
Weissgerber T, and Dwyer EM. Immediate exercise hyperemia in humans is
contraction intensity dependent: evidence for rapid vasodilation. J Appl Physiol (1985)
96: 639-644, 2004.

van Sloten TT, Czernichow S, Houben AJ, Protogerou AD, Henry RM, Muris
DM, Schram MT, Sep SJ, Dagnelie PC, van der Kallen CJ, Schaper NC, Blacher
J, Hercberg S, Levy BI, and Stehouwer CD. Association Between Arterial Stiffness
and Skin Microvascular Function: The SUVIMAX2 Study and The Maastricht Study.
Am J Hypertens 28: 868-876, 2015.

VanTeeffelen JW, and Segal SS. Rapid dilation of arterioles with single contraction
of hamster skeletal muscle. Am J Physiol Heart Circ Physiol 290: H119-127, 2006.
Wong BJ, Wilkins BW, Holowatz LA, and Minson CT. Nitric oxide synthase
inhibition does not alter the reactive hyperemic response in the cutaneous circulation.
J Appl Physiol (1985) 95: 504-510, 2003.

Zhao JL, Pergola PE, Roman LJ, and Kellogg DL, Jr. Bioactive nitric oxide
concentration does not increase during reactive hyperemia in human skin. J Appl
Physiol (1985) 96: 628-632, 2004.

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744

23

Figure captions
Fig. 1. Schematic diagram of experimental setup.

Fig. 2. Schematic diagram of study protocol illustrating the recording of maximum
capillary density during the acclimatisation period (MCD: capillary density counted after
venous cuff occlusion for 5 minutes to fill all capillaries), baseline capillary density
(BCD) and post 30 minutes of intermittent pneumatic compression to the palm of the
hand capillary density (IPCCD) in dorsal finger skin. Laser Doppler fluximetry and
reflectance spectroscopy were continuously recorded throughout the 90 minute study.

Fig. 3. (A) Cyclical changes in flux, measured by laser Doppler fluximetry, induced in
dorsal finger skin microcirculation during intermittent impulse compression (IPC) to the
palm of the hand with a cuff inflation of 3 cycles per minute for 30 minutes (data
collected at 2Hz). Cuff was inflated to 130mmHg in <0.5 seconds and held for 1 second
before deflation and then repeated every 20 seconds. Data collected at 40Hz for the first
100 seconds of IPC demonstrate (B) a temporary immediate surge in flux (black) and
mean red blood cell velocity (grey) upon each cuff inflation due to mechanical
compression which was followed by a steady increase of flux and mean red blood cell
velocity indicative of vasodilation and (C) baseline flux and mean red blood cell velocity
in the dorsal finger skin microcirculation without IPC.

Fig. 4. (A) Effect of intermittent pneumatic compression to the palm of the hand on the
oxygenation and hemodynamics of the dorsal finger skin microcirculation: flux (au, dark
grey), mean blood oxygenation SmbO2 (%, dashed black), concentration of
oxyhemoglobin [HbO2] (au, black), concentration of deoxyhemoglobin [Hb] (au, dashed
grey) and total haemoglobin rHb (au, light grey). (B) Schematic diagram of changes in
finger skin flux (au, dark grey) and mean blood oxygenation SmbO2 (%, dashed black) in
response to a single one second intermittent pneumatic compression (IPC) to the palm of
the hand. The cuff inflation to 130mmHg in <0.5 seconds and held for 1 second induces
an instantaneous surge in flux (Peakmech) and a steady fall in blood oxygenation
(ArrcSmbO2) reaching a minimum mean blood oxygenation SmbOz2 after cuff deflation at
Tdelay (s). This hypoxic stimuli is followed by an increase in flux indicative of a
vasodilation rising to a maximum (Peakvaso) at Tpeak (s) after cuff deflation.

Fig. 5. Method of quantifying the cumulative increase in flux and oxygenation in the dorsal
finger skin microcirculation following each one second intermittent pneumatic
compression to the palm of the hand. The cumulative increase in flux following each IPC
cuff inflation and deflation is derived as an area under curve to peak (fluxauc, au.sec, grey
shading) from flux (au, dark grey). The cumulative increase in concentration of
oxyhemoglobin [HbO2] following each IPC cuff inflation and deflation is derived as an
area under curve to peak ([HbO:]auc, au.sec, black shading) from concentration of
oxyhemoglobin [HbO:] (au, black). Mean blood oxygenation SmbO2 (%, dashed black),
concentration of deoxyhemoglobin [Hb] (au, dashed grey) and total hemoglobin (au, light
grey). Area under curve calculated from integral of increase to peak minus area defined
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by initial value multiplied by time to peak Tpeak and averaged over 5 consecutive
compression cycles.

Fig. 6. The cumulative increase in flux following each intermittent pneumatic
compression cuff inflation and deflation (fluxauc) as recorded by laser Doppler
fluximetry (unpaired Student’s-t test) for young controls (n=15), older controls (n=39)
and older subjects with diabetes (n=32).

Fig. 7. Baseline capillary density (BCD), maximum capillary density (MCD: capillary
density counted after venous cuff occlusion for 5 minutes to fill all capillaries) and post
intermittent pneumatic compression capillary density (IPCCD) in dorsal finger skin of
young controls (n=15), older controls (n=39) and older subjects with diabetes (n=32).

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



Intermittent pneumatic compression

\ to palm of hand
Combined flux
: and reflectance
. spectroscopy
/A , probe O2C

4 \
\ Capillary microscopy

Digital pressure cuff

Skin capillary microscopy

Combined flux and
reflectance spectroscopy
data O2C

I I I inflation
deflation

Intermittent impulse compression
to hand via cuff inflation

Venous refilling
hand below heart

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



CAPILLAROSCOPY

I I Intermittent I
Pneumatic

MCD BCD| compression | PostIPC CD

Baseline | 3 compressions| Follow-up
Acclimatisation per minute

Laser Doppler fluximetry
Reflectance spectroscopy
| 10 > 20 » 30 » 40 » 50 » 60 ) 70 ) 80 » 90 »100) 110)

minutes

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



Flux (au)

Intermittent Pneumatic

Baseline Compression (IPC) on IPC off
30 < S > < >

o
o

N
o

N
o

0 1000 2000 3000 4000
Time (seconds)

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



Flux (au)

80

o
o

N
o

N
o

IPC on - 1 second cuff inflation every 20 seconds
pd

- 25

1 1 1 1 O

20 40 60 80 100
Time (seconds)

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.

mean velocity (au)



Flux (au)

80

IPC off

- 25

20 40 60 80
Time (seconds)

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.

100

Mean velocity (au)



IPC - 1 second cuff inflation every 20 seconds

,5 - | | | [ | |
L 80 |1, ] — Flux
c '\ / I \\
g “\‘I \[ - SmbOZ
© i rHb
< 60 - — [HbO,]
O --- [HDb]
c

@)

&)
S 40 -
o)

=
n
E 20 -

X

-
R

O || || || | | 1
0) 20 40 60 80 100

Time (seconds)

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



Theak
—~ r\ < el >

T
1 Peak, .. Peak ..,
=
L

< —
Tdelay A e
o VASO “mb*™2
S _-— = -
- —~—

Q - S~ - _
O Lo Aipc SmpO; - ~ -
N Ss o _- baseline S,,,0,

~ ~ _ -
0 S 10 15 20

1 sec cuff inflation Time (seconds)

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



N H (o)} o0
o o o o

Flux (au) SO0, (%) concentration (au)

o

— Flux

=" Smp0O;
rHb

— [HbO,]

4160,

y FquAf,c/jUC

w
o

40 50 60 70
Time (seconds)

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



Flux,,c (au.s)

1200

1000

Q0
)
o

o))
o
o

N
o
o

N
o
-

-

1

Young controls Older controls Subjects with diabetes

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.



Capillary density (n.mm-2)

150

100

50

p<0.001
|

p<0.001 ns
\

Young controls Older controls Subjects

with diabetes

Downloaded from journals.physiology.org/journal/jappl at Univ of Exeter Library (144.173.023.154) on February 12, 2021.

OBCD
#ZMCD
mIPCCD



Table 1. Anthropometric characteristics, skin baseline capillary density and medication
of young and older controls and older subjects with type 2 diabetes

Control Control Diabetic
18 — 39 years 40 — 80 years 40 - 80 years

Characteristic n=15 n=39 n=232

Age, years 289+7.2 57.7+9.7 65.8 6.7 p<0.001°¢
p<0.001"

Sex, M/F 5/10 18/21 16/16

BMI, kgm™ 243+33 26.6 4.5 20.3+£42 p=0.07¢
p<0.01°

Body fat, % 26.8+5.8 30.5+8.6 348+7.7 p=0.07¢
p<0.03"

SBP, mmHg 1142 +13.1 1253 +12.5 131.1 = 14.6 p<0.005°¢
p=0.07"

DBP, mmHg 67.9 +10.7 75.4+93 73.8+£7.7 p<0.00§C
p=0.41

HbA 1¢, mmolmol™ 34.1+59 382+ 5.4 54.4+8.4 p<0.05¢
p<0.001°

eGFR, mlmin™1.73m™ 103.9 £23.1 80.6 + 14.3 81.5+15.6 p=0.07§
p=0.93

ABPI (left leg) 1.24+0.15 1.31+0.11 1.34+0.12 p=0.06°
p=0.37"

(right leg) 127 +0.22 1.33+0.13 1.29+0.12 p=0.23¢

p=0.16"

BCD, n.mm’ 90.4 +10.7 101.0 + 14.1 103.3+ 16.4 p<0.03¢
p=0.52°

ACE/ARB, % 0 0 53.1

CaA, % 0 0 21.9

Diuretics, % 0 0 21.9

Alpha Blockers, % 0 0 3.1

Beta Blockers, % 0 0 6.3

Subject group characteristics: mean + SD. © difference between control groups; °
difference between older controls and older subjects with diabetes (aged 40 — 80 years)
unpaired t-test. BMI body mass index, SBP systolic blood pressure, DBP diastolic blood
pressure, HbA1C glycated hemoglobin, eGFR estimated glomerular filtration rate
calculated from serum creatinine level, ABPI ankle brachial pressure index, BCD
baseline capillary density and subject medication: ACE/ARB ACE inhibitors/angiotensin
receptor blockers, CaA calcium channel blockers.
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Table 2. Baseline data from the dorsal middle index finger skin of microvascular flux,
volume and oxygenation of blood and skin temperature

Control Control Diabetic
Baseline 18 —40 years 40 — 80 years 40 - 80 years
n=15 n =39 n=232
Finger skin flux, au 30.0+234 41.8 +30.1 66.6 +39.6 p=0.17¢
p<0.004"
Finger skin mean RBC 16.6 6.5 17.8+6.5 23.7+9.9 p=0.61¢
velocity, au p<0.004"
Finger skin S;;,02, % 62.7+9.3 623+11.7 64.4+12.6 p=0.91C
p=0.48"
Finger skin blood volume  61.1 £7.8 59.4+7.7 59.0+ 8.4 p=0.46"
rHB, au p=0.84D
Dorsal finger temp, °C 30.343.9 30.8+3.5 322424 p=0.63¢
p=0.09"
Dorsal forearm temp, °C 312+ 1.0 31.7+1.1 31.9+1.3 p=0.16°
p=0.23"

Baseline data (mean + SD) © difference between young and older control groups; °
difference between older controls and older subjects with diabetes (aged 40 — 80 years)
unpaired t=test. Skin flux and mean red blood cell (RBC) velocity measured by laser
Doppler fluximetry and mean blood saturation S;;,0, and blood volume rHb by
reflectance spectroscopy.
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Table 3. Hemodynamic response in the microcirculation of dorsal middle finger skin to
intermittent pneumatic compressions to the palm of the hand

Control Control Diabetic
18 —40 years 40 — 80 years 40 - 80 years
n=15 n=39 n=232 —
Flux Tgelay, S 3.5+ 1.0 45+£22 43+14 p=0.50"
p=0.26"
Flux Tpeaks S 112+2.1 11.5+3.1 11.1£3.0 p=0.50°
p=0.51"
Fluxayc, au.s 140.5+£545  2789+98.0  371.5+264.5 p<0.001DC
p=0.13
[HbO:]auc, au.s 58.26 + 18.7 53.0+19.8 50.3+15.2 p=0.45¢
p=0.60"
AvasoSmpO2, % 9.9+5.0 9.6+3.5 8.1£3.6 p=0.82¢
p=0.20"
ArpcSm02, % 42+89 4.5+52 42+52 p=0.28°
p=0.25"

Data (mean = SD) © difference between young (aged 18 — 39 years) and older control
groups; ° difference between older controls and older subjects with diabetes (aged 40 —
80 years). Hemodynamic response in the microcirculation of dorsal middle finger skin to
individual intermittent pneumatic compressions to the palm of the hand to 130 mmHg
(inflation within < 0.5 seconds) for 1 second periods at 20 second intervals averaged over
5 compression cycles. After each cuff deflation there was a delay of Tqelay (S) during
which mean oxygenation saturation fell by ApcSmpO, before a surge in flux (fluxauc) to
a peak at time Tpeak. This increase in flux was synchronous with an increase in mean
oxygenation saturation AjpcSpO2 due to a rise in concentration of oxyhemoglobin
([HbO]auc and an equal and opposite fall in concentration of deoxyhemoglobin [Hb]
measured by reflectance spectroscopy in the skin microcirculation.
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Table 4. Effect of 30 minutes of Intermittent Pneumatic Compression to the palm of the
hand on dorsal finger skin flux and oxygenation

Controls Controls Subjects with diabetes
18 — 40 years 40 — 80 years 40 - 80 years
n=15 n=39 n=32

Pre IPC Post IPC Pre IPC Post IPC ~ Pre IPC Post IPC Post IPC
Finger skin p=0.08CD
flux, au 30.04£23.4 23.6+£16.8 41.8+£30.1 39.1£31.6 66.6+£39.6 61.7+27.8 p=0.003
Finger skin p:0.30CD
mean RBC 16.6 £6.5 15.446.6 17.8+6.5 17.5464 23.7+99 226+82  p=0.005
velocity, au
Finger skin p:0.34§
SmbO02, % 63.049.5  59.0+13.5 62.8+11.4 62.6£11.8 64.1£12.8 64.3+13.3 p=0.56
Finger skin p:O.30§
rHb, au 60.4+7.5  61.9£7.6  58.7£6.5  59.1£9.1  58.748.4  58.1x9.8  p=0.64
Finger temp, p:O.95§
°C 30.3£3.9  30.1£3.6  30.8£3.5 30.7+3.5 322+24 32124  p=0.07

Pre and Post 30 minutes of intermittent pneumatic compression (Mean + SD), no significant
difference in all parameters between pre and post IPC for all subject group. “significant difference
between younger and older controlspost IPC; Psignificant difference between older controls and
subjects with diabetes (aged 40 — 80 years) post [PC, unpaired t-test. Skin flux and RBC velocity
(laser Doppler fluximetry), mean blood saturation S;,,O, and blood volume rHb (reflectance
spectroscopy), dorsal finger skin temperature.
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Table 5. Comparison of the effect of intermittent pneumatic compression and a 50 mmHg
venous cuff on the increase in capillary density in dorsal finger skin

Increase in capillary density
from baseline with:

50 mmHg 30 mins IPC Venous
venous cuff occlusion
vs [IPC
Capillary Capillary
MCD -BCD  recruitment  IPCCD — BCD recruitment
(n.mm™) (%) (n.mm™) (%)

Control 124 +6.1 13.5£6.0 12.8+7.6 13.2+£8.6 ns, ns
18-39 years n=10
Control 10.3+6.3 10.6£7.0 92+54 9.24+6.0 0.03, ns
40-80 years n=39
Subjects diabetes 9.0£6.3 8.5+£5.6%* 84+£58 8.0£5.6%* ns, ns

40-80 years n=32

Baseline capillary density (BCD) maximum capillary density (MCD) obtained with a 5 minute 50
mmHg venous cuff to the base of the finger and post 30 minutes of IPC capillary density (IPCCD) in
index finger skin. (Paired Student’s t-test). %Capillary recruitment = (MCD - BCD)/BCD or (IPCCD
— BCD)/BCD as a percentage. There was no significant difference between the three groups in all
parameters except that %recruitment by both venous occlusion and IPC were lower in older subjects
with diabetes compared to young controls (*p<0.03).
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