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Abstract

Intermittent pneumatic compression (IPC) is commonly used to improve
peripheral circulation of the lower extremity. However, its therapeutic dosage
for people with type 2 diabetes mellitus (DM) at risk for ulcers is not well
established. This study explored the effect of IPC with different inflation pres-
sures on the distal microvascular responses of the foot in people with type
2 DM. Twenty-four subjects with and without DM were recruited. Three IPC
protocols with inflation pressures of 60, 90, and 120 mmHg were applied to the
foot. The foot skin blood flow (SBF) responses were measured by laser Doppler
flowmetry during and after IPC interventions. Results show that all three IPC
interventions significantly increased foot SBF of IPC stage in healthy subjects,
but only 90 and 120 mmHg IPC significantly improved SBF in diabetic sub-
jects. IPC with 90 and 120 mmHg showed a greater effect than 60 mmHg in
both groups, but 120 mmHg IPC was more effective for diabetic subjects. This
study demonstrates that 90 and 120 mmHg are effective dosages of IPC for
improving blood flow in healthy people, and 120 mmHg IPC may be more
suitable for people with type 2 DM.
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Key Messages

- the optimal dosage of inflation pressure and physiological mechanisms of
intermittent pneumatic compression (IPC) for people with type 2 diabetes
mellitus (DM) need to be further investigated in order to better reduce the
risk of diabetic foot ulcers

« the aim of the study is to explore the effect of IPC with different inflation
pressures on the foot skin blood flow (SBF) responses in people with
type 2 DM
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1 | INTRODUCTION

Diabetic foot ulcers are one of the most serious complica-
tions of diabetes mellitus (DM)." Microvascular dysfunc-
tion of the lower extremity is an important pathological
factor in the development of diabetic foot ulcers.”?
Abnormal blood flow regulation, thickened capillary
basement membrane, and changes in haemorheology of
lower extremity microvessels cause insufficient blood
supply and abnormal metabolism of foot soft tissue in
people with DM, which makes foot soft tissue more vul-
nerable to external mechanical pressure and more prone
to foot lesions.*” Thus, improving the level of blood sup-
ply of foot soft tissue is very important to reduce the risk
of diabetic foot ulcers.

Intermittent pneumatic compression (IPC) is a com-
mon clinical treatment for improving circulation and pro-
moting ulcer healing, by exerting cyclical external
compression with certain pressure, frequency, and dura-
tion on limbs.®® Beneficial mechanisms of IPC mainly
include increasing the arteriovenous pressure gradient,
enhancing the production of endothelial-diastolic sub-
stances in blood vessels, and inducing transient suspen-
sion of arteriovenous reflex.>'®'" Konstantinos et al
applied a 5-minute IPC stimulus with an inflation pres-
sure of 120 mmHg with 4-second inflation (pneumatic
compression) for three cycles per minute to people with
claudicating limb, in order to explore whether IPC could
increase distal blood flow of lower extremities. Their
results showed that IPC can improve foot skin blood flow
(SBF) and may be beneficial for people with peripheral
vascular disease.'” Kavros et al studied the clinical effi-
cacy of IPC for people with non-healing wounds attrib-
uted to chronic critical limb ischaemia. The 18-month
intervention of IPC at an inflation pressure of 85 to
95 mmHg with 2-second inflation for three cycles per
minute, and three 2-hour sessions per day was chosen.
They found that the IPC group displayed better wound
healing, limb salvage, and transcutaneous oxygen pres-
sure level compared with the control group.'® Pawlaczyk
et al assessed the effects of IPC on postoperative oedema
and skin blood flow restoration in people undergoing
revascularization procedures. Two weeks of IPC treat-
ment at 50 to 72 mmHg with 4-second inflation for three

« IPC with three different inflation pressures were applied to 24 subjects with
and without DM, and their foot SBF responses were measured during and
after IPC interventions

« This study found that 90 and 120 mmHg IPC are more effective in improv-
ing blood flow in healthy people, and 120 mmHg IPC may be more suitable
for people with type 2 DM

cycles per minute was applied, and their results demon-
strated that decreased local leg swelling and increased
SBF and transcutaneous oxygen pressure were found in
patients receiving IPC treatment.” These previous studies
have demonstrated that IPC may be an effective interven-
tion in improving peripheral blood circulation of lower
extremities. However, the optimal IPC protocols for dif-
ferent clinical applications are not known.'*

Inflation pressure is an important parameter of IPC
treatment which directly affects its clinical efficacy on
circulation by reducing venous pressure and increasing
the arteriovenous pressure gradient.'> For people who
suffer from circulatory disorders of the lower extremity
because of different pathological factors, their applicable
inflation pressures should be different to overcome vari-
ous underlying impairments in the circulatory system."
Rosales-Velderrain et al applied 30 mmHg of continuous
pneumatic compression for 30 minutes to people with
type 2 DM, and found that it can increase muscle blood
flow of leg and improve foot sensation, but has no effect
on SBF of leg.'® Delis et al studied various applied pres-
sures of IPC to the foot for venous emptying in the lower
extremity of healthy people. Their results showed that
IPC at 120 and 80 mmHg cause lower venous pressure
than that at 100 and 60 mmHg, respectively; and the dif-
ferences in efficacy of IPC with 140 and 120 mmHg or
100 and 80 mmHg are not significantly different.'®
Because of the chronic hyperglycaemia, people with type
2 DM suffer from impaired myogenic regulation of micro-
vascular blood flow and have decreased SBF responses to
external mechanical stimulus.'””'® Many IPC studies
included people with DM as subjects, but there are no
therapeutic guidelines for IPC intervention for people
with type 2 DM, and its applicability, optimal dosage,
and physiological mechanisms for diabetic subjects are
not clear.'* In the literature, these IPC studies focused on
the use of IPC to the calf or to the calf and foot for
improving blood flow in the leg. Thus, the appropriate
pressure of IPC intervention for improving the distal
microcirculation (eg, foot SBF) in people with type 2 DM
needs to be further investigated.

Therefore, this study aimed to explore the effect of
IPC with different inflation pressures on the foot SBF
responses in people with type 2 DM. We hypothesized
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that IPC with lower inflation pressure may not be effec-
tive in improving foot microcirculation, while IPC with
higher inflation pressure can significantly improve SBF
in people with type 2 DM. To the best of our knowledge,
this is the first study investigating the effect of foot IPC
on the foot SBF in people with DM. The findings of this
study may provide insight on the use of foot IPC for
improving foot SBF in people with type 2 DM.

2 | MATERIALS AND METHODS

2.1 | Participants

People with type 2 DM were recruited from hospitals.
The inclusion criteria for diabetic subjects were as fol-
lows: (a) diagnosed with type 2 DM; and (b) aged
between 55 and 75 years. The exclusion criteria included
the following: (a) have previous history of foot ulcers or
amputation, (b) have the symptoms such as redness,
inflammation, lesions, and (c) were diagnosed with
severe complications like peripheral neuropathy, periph-
eral arterial disease (ankle brachial index [ABI] < 0.9),
renal disease, retinal disease, liver disease, cancer, or cor-
onary heart disease, and have never had reconstructive
vascular surgery. In order to compare and analyse the
characteristics of SBF response to IPC intervention in
people with DM, this study also recruited healthy sub-
jects to establish the normal foot blood flow responses.
The inclusion criteria for healthy subjects were as fol-
lows: (a) have no symptoms such as redness, inflamma-
tion, lesions, and (b) have no complications like
peripheral neuropathy, peripheral arterial disease (ABI
< 0.9), renal disease, retinal disease, liver disease, cancer,
or coronary heart disease, and have never had recon-
structive vascular surgery.

According to the preliminary data of foot SBF in five
healthy subjects under three IPC tests (the paired differ-
ence of the mean and standard deviation values of SBF
data in baseline and IPC stages of three IPC tests were
1.93 + 2.08 pu, 8.76 + 7.29 pu, 10.66 + 9.58 pu, respec-
tively), a sample size of 10 was estimated by the power
analysis for the power of 80% at an alpha level of 0.05.
Considering the balanced design and three repeated mea-
sures, a sample size of 12 was chosen."’

This study was conducted in accordance with clinical
protocols approved by the institutional review board of
Affiliated Hospital of National Research Center for Reha-
bilitation Technical Aids. All subjects gave informed writ-
ten consent prior to participation. All subjects'
demographic and physiological information are shown in
Table 1.

2.2 | Experimental equipment

A custom-made air-operated pressure device was used to
deliver IPC interventions with different inflation pres-
sures. The IPC device consists of an airbag, air pump,
barometric sensor, control module, power supply, and its
controlling software, as shown in Figure 1. The inflating
and holding time was 4 seconds, and the deflating and
holding time was 16 seconds.'>*° The pressure was con-
trolled within 5 mmHg of preset IPC pressures.

The laser Doppler flowmetry (PeriFlux 5000, 407, Per-
imed, Stockholm, Sweden) was used to non-invasively
measure SBF (blood flow in the network of capillaries
within 1 mm of the skin) of the subjects’ foot. In order to
ensure the reliability of SBF data collection, the probe
has been calibrated before each measurement and was
attached to the skin surface with an adhesive tape to limit
movement artefacts during the tests. In order to reduce
the effect of inter-subject variations in tissue hardness on
SBF measurement, the dorsal foot (the middle region of
the second and third metatarsals, 2 cm from the toes)
was chosen to reflect the microvascular responses to IPC
intervention.”

2.3 | Procedures

Before the test, subjects were asked to rest for at least
30 minutes in a room at a temperature of 24 + 2°C to
acclimate to the room environment.'® Subjects were
instructed to relax the lower limbs in a sitting position.

During the test, each subject's dorsal SBF of the right
foot was measured for 5 minutes (Baseline stage); then,
one of three IPC interventions was randomly applied to
the subject’s right foot for 9 minutes, and the SBF was
also continuously recorded (IPC stage); after the IPC
intervention, the SBF was continuously recorded for
5 minutes (recovery stage). A 30-minute washout period
was allowed for subjects to rest, and then the process was
repeated with the remaining two IPC interventions.

For achieving a better effect of veins emptying with-
out causing arteries collapse, the inflation pressure of
three different IPC interventions was set as 60, 90, and
120 mmHg, with the inflation time of 4 seconds for three
cycles per minute.

2.4 | Data analyses

This study analysed the variations of SBF during base-
line, IPC, and recovery stages and its change percentages
during IPC and recovery stages in three IPC tests to
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TABLE 1 Demographic and physiological information of subjects in diabetic and healthy groups (Mean + SD)
Variables Diabetic group Healthy group Significance
Gender (Male/Female) 8/4 5/7 /
Age (years) 66.67 + 3.94 22.75 + 0.87 P < .001
Body mass index (kg/m?) 25.99 + 2.65 20.75 + 2.24 P < .001
Systolic blood pressure (mmHg) 125.33 + 13.29 119.83 + 9.23 P=.198
Diastolic blood pressure (mmHg) 69.44 + 10.08 71.17 + 7.55 P=.378
Heart rate (bpm) 72.22 + 5.97 74.50 + 10.21 = .312
Fast blood glucose (mmol/L) 7.37 +1.43 / /
Glycated haemoglobin (%) 7.40 + 0.47 / /
Duration of diabetes (years) 14.78 + 3.83 / /
Systolic blood pressure of dorsalis 137.78 + 27.85 121.42 + 14.16 P=.021
pedis artery (mmHg)
Systolic blood pressure of posterior 135.00 + 22.64 119.45 + 10.19 P=.021
tibial artery (mmHg)
Ankle brachial index 1.13 + 0.12 1.04 + 0.09 P=.014

compare the microvascular responses to IPC stimulus
with different inflation pressures in the foot of diabetic
and healthy subjects.

In the baseline or recovery stage, the mean values of
SBF within the 5-minute test periods were calculated. In
the IPC stage, the abnormal SBF data caused by the infla-
tion and deflation of pump were eliminated, and the SBF
data in the inflation period (IPC_I), deflation period
(IPC_D), and inflation-deflation period (IPC_ID) in each
cycle were extracted, and their corresponding average
values during IPC stage were calculated for analysis. An
illustration of analysed SBF parameters in one IPC cycle
during the IPC stage is shown in Figure 2.

The change percentages of SBF were calculated for
IPC and recovery stages according to Equation (1).

Mean SBF; — Mean SBFyageline
Mean SBFyaseline '

1)

where ‘s’ represents SBF parameters in IPC or recovery
stage.

2.5 | Statistical analyses

The Shapiro-Wilk test was used to test the normality of
the SBF parameters of all subjects. The paired ¢ test or
Wilcoxon matched pairs signed-rank test (based on
Shapiro-Wilk's normality test) was used to compare the
difference in SBF variations between IPC stage and base-
line stage, recovery stage and baseline stage; a repeated
measure ANovA test or Friedman test was used to compare

the difference in SBF responses among three IPC tests;
an independent ¢ test or Mann-Whitney U test was used
to compare the difference in SBF responses between dia-
betic and healthy subjects. A statistical significance level
of .05 was used. All statistical analyses were performed in
SPSS (Version 20.0, IBM, Armonk, New York).

3 | RESULTS

The variations of foot SBF in diabetic subjects and
healthy subjects during baseline, IPC and recovery stages
are shown in Figure 3. For diabetic subjects, the SBF did
not increase under 60 mmHg IPC test (P > .05), but
showed a significant increase in IPC_D (P = .08) and
IPC_ID (P = .023) under 90 mmHg IPC test, and in
IPC_I (P = .041), IPC_D (P = .008) and IPC_ID (P =
.008) under 120 mmHg IPC test. No significant increase
in SBF during recovery stage was found in all three IPC
tests. For healthy subjects, there was a significant
increase in SBF of IPC_I, IPC_D, and IPC_ID compared
with basal SBF in all three IPC tests (P < .05).

The foot SBF percentage changes of IPC_I, IPC_D,
IPC_ID in diabetic subjects and healthy subjects under
three IPC tests are shown in Figure 4. For diabetic sub-
jects, SBF of IPC_I (P = .021) and IPC_ID (P = .024)
under 120 mmHg IPC test was significantly greater than
that in 60 mmHg IPC test; and the SBF of IPC_D under
90 mmHg IPC test was significantly greater than that in
60 mmHg IPC test (P = .043). For healthy subjects, SBF
of IPC_I, IPC_D, IPC_ID under both 90 mmHg (IPC_I: P
= .013, IPC_D: P = .001, IPC_ID: P = .013) and
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120 mmHg (IPC_I: P < .001, IPC_D: P = .001, IPC_ID: P
< .001) IPC tests were significantly greater than that in
60 mmHg IPC test.

As shown in Figure 5, the SBF of IPC_I in healthy
subjects was significantly greater than that in diabetic
subjects under all three IPC tests (60 mmHg: P = .017,
90 mmHg: P = .008, 120 mmHg: P = .001), and the SBF
of IPC_ID in healthy subjects was significantly greater
than that in diabetic subjects under 60 mmHg (P = .028)
and 120 mmHg (P = .013) IPC tests.

4 | DISCUSSION

This study explored the effect of IPC with different infla-
tion pressures on the foot SBF responses in people with

Stop

and without type 2 DM. The results demonstrate that, for
diabetic subjects, only IPC with inflation pressure of
90 and 120 mmHg can significantly increase foot SBF
during the IPC intervention, and are more effective in
improving foot SBF responses than 60 mmHg; for healthy
subjects, all IPC interventions with three inflation pres-
sures can significantly increase foot SBF, and IPC with
90 and 120 mmHg also show a greater effect than
60 mmHg. Moreover, the SBF responses to IPC interven-
tion are stronger in healthy subjects than diabetic
subjects.

When IPC is applied on the foot, the external
mechanical pressure causes the emptying of plantar
venous plexus and the increase of arteriovenous pressure
gradients; the decreased venous pressure induces a tran-
sient suspension of the arteriovenous response and
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reduces peripheral vascular resistance; the shear stress
and cyclic strain exerted by external compression from
the IPC system cause the production of endothelial vaso-
dilators.'>*"** Thus, it is helpful to improve vascular
function and enhance blood flow. During the inflation
and its holding period, the external pressure acts on the
muscle tissue and blood vessels, which increase the arte-
riovenous pressure gradients, and subsequently enhance
the instantaneous flow velocity and blood flow. During

the deflation and its holding period, the augmented blood
flow is mainly attributed to the active vasodilatation and
hyperaemic responses after the increase in arteriovenous
pressure gradients and ischaemia caused by compression
of IPC.'*"

The results in this study showed that the foot SBF in
diabetic subjects did not increase under 60 mmHg IPC,
but had a significant enhancement under 90 mmHg IPC
and 120 mmHg IPC. Moreover, the increment
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percentages of SBF parameters under 90 and 120 mmHg
IPC tests are significantly greater than the corresponding
parameters under 60 mmHg IPC (Figure 4). The foot
venous pressure in an average-sized man is approxi-
mately 60 mmHg in the sitting position.'>** Thus, IPC
with an inflation pressure of 60 mmHg may provide an
insufficient effect on venous emptying due to vascular
sclerosis caused by diabetes and energy loss caused by
the dissemination of compression energy in soft tis-
sues.”'®?> Taradaj et al compared the efficacy of IPC
interventions with different inflation pressures on people
with venous lymphatic ulcers in the lower extremities.
This study found that the effect of 120 mmHg IPC on the
elimination of oedema was better than 60 mmHg IPC
intervention. Taradaj et al pointed out that IPC with too
low pressure (less than 80 mmHg) may have no effect on

lymphatic pressure. They also mentioned that subjects
recruited in their study were relatively adaptable to the
compression pressure of 120 mmHg without any discom-
fort pain.*® Delis et al studied the effects of IPC interven-
tions with different inflation pressures on venous
emptying. Their study found that the effects of
120 mmHg IPC and 80 mmHg IPC on the reduction of
venous pressure were better than 100 mmHg IPC and
60 mmHg IPC, respectively. The authors indicated that
the greater IPC inflation pressure, the better venous emp-
tying."> Alvarez et al also pointed out that IPC with an
inflation pressure of 120 mmHg is a safe and effective
therapy for people with peripheral vascular disease and
severe lower limb ischaemia.”” The findings in previous
studies were consistent with the results of this study.
Higher compression pressure is needed for improving
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foot circulation compared with other parts (like leg)
because of inherent structure and relatively small blood
storage.”® Especially for people with diabetes, IPC with
lower inflation pressure may produce a weak effect due
to the stiffened soft tissue and vascular sclerosis.*?° Thus,
IPC with an inflation pressure of 120 mmHg may be
more suitable for people with type 2 DM to improve dis-
tal microcirculation. Compared with the characteristics
of diabetic SBF responses, in addition to 90 mmHg IPC
and 120 mmHg IPC, 60 mmHg IPC could also increase
SBF parameters in the foot of healthy subjects. Moreover,
IPC interventions with 90 and 120 mmHg show a greater
impact. The results imply that both IPC interventions
with inflation pressure of 90 or 120 mmHg are suitable
for improving foot blood flow in healthy people. The
treatment efficacy of IPC is related to the treatment regi-
men, individual physiological characteristics, and
severity of disease.*® Although IPC has been proven to
be effective in improving foot circulation in healthy
and diabetic groups, there are still few subjects who
did not display positive microvascular responses to the
IPC intervention.

Experimental results also showed that the increment
percentages of SBF parameters in healthy subjects are
greater than that in diabetic subjects, which is mainly
due to the poor vasodilatory function caused by diabetes.
Diabetic subjects recruited in this study were older and
had a greater BMI than healthy subjects, which may
affect the production of endothelial vasodilators and
reduce the SBF responses to the stimulation of cyclic
shear stress associated with IPC compression.*'** More-
over, the systolic blood pressures of dorsalis pedis artery
and posterior tibial artery and ABI in diabetic subjects
were also greater than that of healthy subjects, which
indicates sclerosis and poor elasticity of the vessels in the
lower extremities of diabetic subjects. One of the studies
of Delis et al showed that the change percentage of SBF
under IPC intervention in healthy people is greater than
that in claudicated people.'” They pointed out that the
greater SBF increment in healthy limbs may be due to a
lower basal blood flow level at the sitting position,
because healthy people with normal autonomic sympa-
thetic reflex have a larger arterial blood capacity than
claudicated people.>**> This may contribute to the signifi-
cant difference in blood flow between the two groups,
because a lower basal SBF was shown in healthy subjects
than diabetic subjects (P = .016).

Peripheral neuropathy is one of the most prevalent
complications of diabetes,*® and may increase the risk of
diabetic foot ulcers by affecting neurovascular regula-
tion.* Neuropathy causes the opening of arteriovenous
shunts and reduces blood flow in the nutritive capillary
bed.>”*® Moreover, it also weakens nerve axon reflex and

impedes microvascular vasodilation, resulting in the
decrease of blood flow supply.**** Thus, the foot micro-
vascular responses to IPC in diabetic people with neurop-
athy may be different from diabetic people without
neuropathy. Future studies may need to examine the IPC
regimen tested in this study in people with diabetes and
neuropathy to assess the efficacy of using IPC to improve
peripheral circulation.

Delis et al observed the duration and amplitude decay
of the inflow enhancement in the lower extremity of
claudicated people under 5-minute IPC intervention.
They found that the physiologic mechanisms of IPC are
active for 0 to 20 seconds after IPC therapy, the endothe-
lial vasodilatation is effective for 20 to 35 seconds, and
the effect of arteriovenous pressure gradient lasts for
50 seconds.'” The results of the study of Delis et al imply
that the effect of IPC on blood flow responses is instanta-
neous (or a fast response). In this study, the applied IPC
could increase foot SBF during the IPC stage but not the
recovery stage, which may be due to the low dose of
applied IPC and higher venous pressure in the sitting
position.

The venous pressure of foot and the arterial systolic
blood pressure at the ankle is approximately 60 and
170 mmHg in the sitting position, respectively.'> For bet-
ter emptying of veins without affecting arteries, compres-
sion pressure between arterial and venous pressure
(65-120 mmHg) is often used in commercial IPC
devices."*** Thus, 60, 90, and 120 mmHg were tested in
this experiment to preliminarily explore the optimum
inflation pressure of IPC for people with type 2 DM.
Moreover, the study of Gaskell and Parrott reported that
the refill time of venous blood in the foot is approxi-
mately 16 to 20seconds, and the higher compression fre-
quency would not provide additional benefit.** The
inflating and deflating parameters (inflation time of 4 sec-
onds and deflation time of 16 seconds) selected in this
study provide sufficient time and effective frequency to
allow the refill of foot veins.*>*

There are some limitations to this study that should be
noted. Firstly, this study mainly explored the transient effects
of IPC with different inflation pressures on the SBF responses
of diabetic foot. Its effect on the arterial flow and venous emp-
tying, as well as its long-term intervention effects for people
with type 2 DM, need to be investigated in future studies. Sec-
ondly, the inflation and deflation time at 4 seconds/16 seconds,
10 seconds/20 seconds, 15 seconds/30 seconds are commonly
used parameters in the IPC interventions. The intervention
duration in this study was set as 9 minutes (27 cycles), in order
to facilitate the comparison in future research on IPC with the
same intervention duration (9 minutes) but different inflation
and deflation times (4 seconds/16 seconds, 10 seconds/20 sec-
onds, 15 seconds/30 seconds).
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This study explored the effects of IPC with three inflation
pressures on the foot SBF responses in people with and
without type 2 DM, in order to determine suitable infla-
tion pressures of IPC as a therapy for improving microcir-
culation of the foot and reducing the risk of diabetic foot
ulcers in people with type 2 DM. The findings of this study
indicate that all IPC interventions with 60, 90, and
120 mmHg can increase the foot SBF responses in healthy
people, but only 90 and 120 mmHg are effective in improv-
ing foot microcirculation in people with type 2 DM.
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