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Abstract

Background: To protect against ischemia, pressure-induced vasodilation (PIV) causes an increase in skin blood
flow. Endothelial dysfunction, which is commonly found in older patients and those with diabetes, and global
temperatures can affect the resting blood flow in skin, which may reduce the blood flow during and after the
application of local pressure. The present study investigated the PIV of the skin with exposure to three global
temperatures in younger and older populations and those with diabetes.

Materials and Methods: Older subjects (n =15, mean age 64.2 & 14.0 years), subjects with diabetes (1 =15, mean
age 62+5.9 years, mean duration 13.2+£9.1 years), or younger subjects (n=15, mean age 25.7+2.9 years)
participated. An infared laser Dopler flow meter was used to measure skin blood flow on the bottom of the foot,
lower back, and hand during and after applications of pressure at 7.5, 15, 30, 45, and 60 kPa at 16°C, 24°C, and
32°C global temperatures.

Results: The resting blood flow for all subjects was significantly lower in the 16°C environment (P < 0.05). Blood
flow in the group with diabetes was significantly lower at rest, during the application of all pressure, and after
the release of pressure in all global temperatures (P < 0.05). The younger group showed a significant increase in
blood flow after every pressure application, except 7.5kPa, in all global conditions (P < 0.001). Older subjects
and patients with diabetes did not have a significant reactive hyperemia, especially in the 16°C environment.
Conclusion: The protective mechanism of PIV is severely reduced in older populations and those with diabetes,

especially in colder environments where skin blood flow is already diminished.

Introduction

HEN PRESSURE IS APPLIED to the skin, affected tissues

can become hypoxic and build up levels of vasodilator
metabolites, which dilate the arterioles and decrease the
vascular resistance in healthy skin.! Once the pressure is re-
leased, local blood flow is temporarily elevated because of the
reduced vascular resistance. The temporary increase in blood
flow is called a reactive hyperemia, which serves to reox-
ygenate the tissue and flush the vasodilator metabolites from
the tissue.”

The ability of the skin to protect itself from anoxia during
ischemia can be diminished due to endothelial dysfunction.’
This type of vascular dysfunction can diminish the degree
of vasodilation associated with a reactive hyperemia. En-
dothelial dysfunction is an early event and associated with a
host of diseases and conditions, such as aging and diabetes.

The prognostic value of endothelial dysfunction is just
starting to be understood and valued. One way of non-
invasively assessing endothelial dysfunction is by looking at
endothelium-dependent vasodilation.*

One major factor of endothelium-dependent vasodilation is
nitric oxide (NO).%® NO is released by the endothelium in
response to exogenous pharmacological substances, platelet-
derived factors, and shear stress, which promote the release of
NO by stimulating NO synthase.”®” The NO then causes the
smooth muscle surrounding the blood vessel to relax, causing
it to vasodilate. Local pressure also causes a temporary in-
crease in blood flow, known as a pressure-induced vasodila-
tion (PIV), which causes a subsequent release of NO.2PIVisa
natural protective mechanism, allowing the skin blood flow to
increase temporarily after local pressure is applied.”'°

Endothelial dysfunction can reduce the body’s ability to
produce and/or respond to NO.* With damage to the vascular
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endothelial cells, such as is common in older people,’ the
microcirculation of the skin may not be able to respond to
endothelial stressors such as pressure or global tempera-
ture.*'*'? Preliminary data from this laboratory have shown
decreased endothelial responses to multiple stressors, espe-
cially in people with diabetes.'*"”

Diabetes is an increasingly common disease, with an inci-
dence of at least 10% in the United States, and it has been
predicted to reach as high as 30% of the world’s population by
the year 2025."® Of all the complications associated with dia-
betes, the most common is damage to the microcirculation
and endothelial cells."” This vascular endothelial damage re-
sults in a reduced ability either to produce NO or a reduced
sensitivity to NO.***!

Age can also be a factor that may reduce the protective
response of PIV. As humans age, the endothelial cells undergo
the same type of damage as a person with diabetes: reduced
sensitivity to or less NO released in response to external
stimuli.’>'>%? Prior studies indicate there may be a decrease
in skin blood flow when low pressures are applied to the skin
in patients with diabetes both with and without neuropathies,
compared to control subjects.'®**?> Therefore, a more com-
prehensive study needs to be done to examine the PIV of
subjects with and without diabetes with multiple endothelial
stressors.

Changes in global temperature alter resting blood flow in
the skin.'*?® People live in a variety of global temperatures,
and previous studies on pressure effects on skin blood flow
had been on subjects who are young and people without
diabetes in a thermally neutral room. Thus these studies do
not examine most people under normal environmental
conditions. Therefore, the purpose of the present study was
to investigate the effects of global temperatures on endo-
thelial dysfunction by repeating the series in thermally
neutral, cool, and warm climates to examine the effects of
resting blood flow on PIV on subjects who were older and
who had diabetes. The aim was also to expand upon pre-
vious research by examining the reactive hyperemia fol-
lowing local pressure on the foot compared to the lower
back and hand. We hypothesize that subjects who are older
and with diabetes will have a reduced PIV response due to
endothelial damage, compared to age-matched subjects with
diabetes and younger subjects. We also hypothesize that the
reactive hyperemia associated with PIV will be decreased in
a colder environment when compared to the response in a
warmer environment. The damaged endothelial cells and
adjacent microcirculation may experience diminished PIV in
response to local pressure. Therefore, three groups of sub-
jects were investigated: a younger group without diabetes
and an older group, age-matched to an older group with
type 2 diabetes.

Subjects and Methods
Subjects

A total of 45 subjects (three groups, 15 subjects each) par-
ticipated (Table 1). The subjects with diabetes must have been
diagnosed with diabetes at least 3 years ago, been taking the
proper medication to control their blood sugar levels, and
have hemoglobin Alc levels between 6% and 10%. Subjects
were excluded if they had any current or past heart problems
or high blood pressure (>140mm Hg systolic/95mm Hg
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TaBLE 1. CriNICAL CHARACTERISTICS OF 30
AGE-MATCHED OLDER SUBJECTS (HALF WITH DIABETES)
AND 15 YOUNGER SUBJECTS

Older subjects
With Without Younger

diabetes diabetes subjects

(n=15) m=15) (n=15)
Age (years) 62.0+59 64.2+14.0 25.7+29
Weight (kg) 99.8+ 22.6;" 622491 71.0+16.3
BMI (kg/m?®)  35.8+7.0* 235+1.7 23.7+3.9
Body fat (%) 346+10.0*"  232+38 20.51+5.6
ABI 0.95 0.96 0.98

Data are mean 4 SD values.

*P < 0.05 for subjects with diabetes versus age-matched subjects
without diabetes versus younger subjects.

"P<0.05 for subjects with diabetes versus age-matched subjects
without diabetes.

diastolic) or were taking any a- or f-agonists or antagonists.
All protocols and procedures were approved by the Institu-
tional Review Board at Loma Linda University, Loma Linda,
CA, and subjects signed an informed consent document.

There was a significant difference in the body mass index
(BMI) among all three groups (P < 0.001) (Table 1), with the
subjects with diabetes having the highest overall BMIs. There
was no significant difference between the mean ages for the
older group and the group with diabetes (P =0.58). In terms
of the ankle-brachial index (ABI), none of the 45 subjects had
an ABI score lower than 0.95. The subjects with diabetes had a
mean hemoglobin Alc of 7.6 +1.1% and had been diagnosed
for a mean of 13.2 £6.1 years.

Control of environmental temperature

Environmental temperature was controlled using a
controlled environment room. The room has thermal homo-
geneity (laminar flow) with air flow maintained with inde-
pendent heating and cooling systems capable of controlling
room temperature over a range from 0°C to 55°C. The appli-
cation of two independent heating and cooling systems al-
lows rapid changes in room temperature, up to 7°C/min, and
the environmental temperature to be accurately controlled
to within £0.5°C. Three room temperatures were used:
16°C, 24°C, and 32°C. Relative humidity was maintained at
35+10%.

Measurement of pressure on the skin

Pressure on the skin was measured through a pressure
sensor array (Tactilus Pressure Mapping System, Sensor
Products Inc., Madison, NJ), which contained about 500 sen-
sors. The pressure sensors were 7.94x7.94mm and were
spaced in intervals of 44.5x4.5mm. The thickness of the
sensor was 7 mm. The sensor used was a resisted strain gauge
sensor produced by Sensor Products Inc. The pressure range
was 0-68 kPa. The accuracy and reliability were less than 3%
error. Calibration was done at the factory as well as randomly
throughout the study. The system and software were custom
designed for this project to provide a three-dimensional map
of pressure distribution. The array was transduced through a
16-bit A /D converter produced by Sensor Products Inc. with a
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sample rate of 100 KHz. The three skin sites were the back of
the hand between the second and third metacarpal, the lower
back 7 cm lateral of the L3-L4 vertebrae, and over the head of
the first metatarsal on the ball of the foot.

Measurement of blood flow

A single-point infrared laser Doppler flow meter (TST 140
probe, LDF100 module, Biopac Inc., Goleta, CA) was used to
measure the skin blood flow. The skin blood flow was re-
corded for 30s. The flow meter had a head with an active area
of 1cm? The probe was plugged into an LDF 100C amplifier
and then digitized at 2,000 samples per second with a 16-bit
analog to digital converter. The converted signal was then
saved for final analysis with a Biopac MP 100 system (Biopac).

Measurement of ABI

Blood pressure measurements were taken at the ankle and
brachial artery in the arm using a standard sphygmoma-
nometer cuff and stethoscope while the subject was at rest and
had been lying supine for at least 5min. The ankle and arm
systolic blood pressure measurements for the left and right
limbs were recorded. The ABI is derived by dividing the
systolic pressure of the ankle by the systolic pressure of the
brachial artery, and the result is used to predict the severity of
peripheral arterial disease. The ABI range that is generally
considered normal is 0.95-1.2.

Total body fat percentage

The total body fat percentage was measured by an im-
pedance plethysmograph (RJL Systems, Clinton Twp., MI).
The Quantum II provides high-resolution whole body and
regional bioelectrical resistance and reactance measurements.
The total body fat percentage was measured through elec-
trodes placed on the right foot and right hand.

Procedures

On three different days, the subjects sat comfortably in the
controlled environment room at 16°C, 24°C, or 32°C for 20 min.
Before any pressure was applied, the baseline blood flow was
taken. The laser Doppler flow probe was placed on the ball of
the foot. The pressure array was placed on top of the probe,
and manual pressure was applied for 30 s while the blood flow
was recorded. The pressure was removed for 30s, and re-
cording of the blood flow continued. Pressure was applied in a
random order at 7.5, 15, 30, 45, and 60 kPa. These steps were
repeated on the lower back and the back of the hand.

Statistics

Calculations of means and SDs were done, and all results
are expressed as meanz+SD values. Comparisons among
groups were performed using one-way analysis of variance
and independent ¢ tests. The level of significance was P < 0.05.
The results were analyzed using SPSS version 15 (SPSS,
Chicago, IL).

Results

Three temperatures were examined; first, a neutral global
temperature, then a warm temperature, and, finally, a cold
global temperature.
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24°C global temperature

Application of pressure. In the thermally neutral global
temperature (24°C), when pressure was applied for 30s, the
blood flow to the skin of the foot on the younger subjects
decreased proportionally to the amount of pressure being
applied (Fig. 1). The subjects who had diabetes had a signif-
icant decrease in blood flow from the lowest pressure used in
this study (7.5kPa) compared to baseline blood flows
(Polder =0.04, Ppiapetes =0.03). When the greatest pressure
used in this study (60kPa) was applied to the foot, the
younger subjects had a blood flow of 17.48 +2.63 flux, which
was significantly higher than the subjects who were older
(9.52 £1.41 flux, P=0.02) and with diabetes (4.72 + 0.67 flux,
P <0.05). The pattern of response was similar for the hand
and lower back.

Blood flow after application of pressure. The reactive
hyperemia following the application of very light pressure
(7.5kPa) on the foot resulted in a significant increase in blood
flow for the younger subjects (P =0.03), but not for the sub-
jects who were older with or without diabetes (Fig. 2). On the
lower back and hand, the responses were similar. For the
applications of 15, 30, 45, and 60 kPa on the foot, there was no
significant difference between the PIV for the older subjects
and the subjects with diabetes. When the PIV of the foot and
hand were compared, there was no significant difference in
the PIV at baseline or for any of the pressure applications.
However, the lower back had significantly lower blood flow
responses (P=0.02). Figure 3 shows a comparison of the
blood flow at baseline, 30 kPa, and 60 kPa for the lower back
and foot.

32°C global temperature

Application of pressure. In the warmer environment, 30 s
of pressure resulted in similarly occluded blood flow as in the
24°C global temperature for the foot, hand, and back. There
was a significant increase in resting blood flow for the foot
(P=0.02) and hand (P =0.04), but not the back (P =0.17) for
all subjects. The lower back did not have a significant increase
in resting blood flow (P=0.17) or PIV from any amount of
pressure (P =0.36). The blood flow response of heavy pres-
sure (60 kPa) on the foot significantly increased blood flow in
the 24°C compared to the 32°C global temperatures (P =0.02)
with increases of 27.6% for the younger subjects, 30.3% for the
older subjects, and 22.5% for the subjects with diabetes (Fig. 4).
For all other applications of pressure on the foot, there was no
significant increase in blood flow from the 24°C global tem-
perature to the 32°C global temperature for any of the groups
of subjects. The response was similar for the hand.

16°C global temperature

Application of pressure. The occlusion resulting from
each application of pressure is displayed in Figure 5 for the
foot for each group of subjects. For the subjects with diabetes,
there was no significant difference between baseline blood
flow and the occluded blood flow due to 30s of any of the
applications of pressure. The pattern of response was similar
for the lower back and hand.

The baseline blood flow of the foot for the subjects with
diabetes was 15.42 £ 3.26 flux, which was 276% lower than for
the older subjects and 443% lower than the blood flow of the
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FIG. 1. Vascular occlusion on the foot due to application of 30s of pressure in three groups of subjects in 24°C global

temperature with standard deviation error bars.

younger subjects. This difference in blood flows between the
three groups of subjects was statistically significant (P =0.01).
The pattern of PIV response to the various amounts of pres-
sure application was similar in the 16°C and 24°C global
temperatures. Results were similar for the lower back and
hand.

Comparison of the three groups of subjects

When the PIV for each application of pressure was com-
pared to the baseline blood flow in the 16°C global tempera-
ture, the subjects with diabetes had significantly higher
increases in blood flow compared to the age-matched subjects
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FIG. 2. PIV of the foot due to application of 30's of pressure for three groups of subjects in 24°C global temperature with
standard deviation error bars.
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FIG. 3. Blood flow in the skin at different pressures on the foot and lower back for three groups of subjects in 24°C global

temperature with standard deviation error bars.

without diabetes (P =0.01) (Fig. 6). At the 24°C global tem-
perature, the subjects with diabetes had a larger percentage
increase in blood flow from baseline than the older subjects for
all of the pressure applications except 7.5 kPa. The 32°C global
temperature did not cause the blood flow to increase more in
the subjects with diabetes than the older subjects without
diabetes for any application of pressure. The differences were
not significant for the blood flow and percentage blood flow
increases for the subjects who were older compared to the
subjects with diabetes.

Discussion

When pressure is applied to the skin, blood flow is tem-
porarily reduced or occluded. Once pressure is released, the
PIV occurs to reoxygenate the skin and tissues through briefly
vasodilated skin blood flow.! Endothelial dysfunction, such
as is common in people who are older or who have diabe-
tes,+1326 may reduce the PIV blood flow,>*1° and affected
tissues may not be reoxygenated properly. The vascular
endothelial cells may be stressed by changes in global
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FIG. 4. Comparison of PIV of the foot due to application of 30s of pressure for three groups of subjects in 32°C and 24°C

global temperatures with standard deviation error bars.
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FIG. 5. Vascular occlusion on the foot due to application of 30s of pressure in three groups of subjects in 16°C global

temperature with standard deviation error bars.

temperatures, which may further reduce the reactive hyper-
emia associated with PIV.>'3

In the present investigation, for the younger subjects, the
pattern of response of pressure versus blood flow was similar
after exposure to all three global temperatures. Overall, the

pattern of response of the decreased blood flow was similar
for the foot, lower back, and hand. For the PIV, in the 24°C and
32°C environments, the slope of the lines of the subjects who
were older and who had diabetes were nearly parallel. The
subjects with diabetes had a blood flow response that was a
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FIG. 6. Percentage increase in blood flow from baseline of older age-matched subjects with and without for all pressure
amounts in three global temperatures with standard deviation error bars.
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mean of 29 flux lower in the 24°C and 51 flux lower in the 32°C
global temperature than the older subjects. In the 16°C envi-
ronment, the pattern of response was similar for the older and
younger subjects; however, the subjects with diabetes had a
blood flow response that was significantly lower than the
younger and older subjects for all applications of pressure,
except 60 kPa. The foot and hand had similar PIV responses,
whereas the lower back had a similar pattern but an overall
reduced blood flow by a mean of 50 flux. Although the
baseline blood flow for the subjects with diabetes was sig-
nificantly lower in the 16°C and 24°C global temperatures,
they had a larger percentage increase in blood flow as a result
of the 15, 30, 45, and 60 kPa applications of pressure than the
age-matched older subjects without diabetes. This suggests
that local pressure may help to cause temporary increases in
blood flow, which may be useful in therapy and treatment
plans for populations with diabetes.

Previous studies from this laboratory have shown the re-
sponses of vascular endothelial cells to stimuli, such as global
temperature or pressure, are affected by stimuli from their
environment.>'*¢?”2% Gimilar to data presented here, skin
blood flow was decreased at low pressure applications
in subjects with diabetes,” which indicates an inability of the
skin to respond to small amounts of stress to the microcircu-
lation and endothelial cells. Chronic pressure applications
have been shown to further reduce the PIV mechanism in
patients with diabetes, suggesting C-fibers are involved in
cutaneous vasodilation.” Three main biochemical pathways
may decrease NO availability and increase endothelial dys-
function: the polyol pathway, nonenzyme glycation, and re-
dox potential alterations.**** NO production can be impaired
by increased flux of the polyol pathway, which can com-
pletely decrease NADPH.**>* Advanced glycation end
product accumulation reduces NO bioavailability*** and has
been seen in early stages of diabetes,” which suggests endo-
thelial alterations had already started.

Global and skin temperatures may also play an important
role in determining the magnitude of PIV. The present data
show the colder environment resulted in significantly reduced
blood flow due to pressure applications and PIV once the
pressure was removed for all groups of subjects. This suggests
PIV mechanisms may be receptive to mechanothermal ner-
vous receptors as well as biomechanical pressure.'” A recent
study from this lab showed vasodilation was attenuated in
skin that had been both locally and globally heated.*® These
data are similar to those of people with type 1 diabetes in
whom an impaired skin blood flow response to pressure was
also seen.”” In this study, NO product was also impaired in
people with type 1 diabetes.

Conclusions

The PIV mechanism was reduced in the colder 16°C global
temperature in the older subjects without diabetes and, most
significantly, in the subjects with diabetes regardless of the
environmental temperature. The PIV response seems to be
highly sensitive to endothelial NO levels. Older people and
people with diabetes may have damaged endothelial cells,
causing this response to be absent or diminished. PIV could be
a noninvasive indicator of endothelial dysfunction that can be
used to diagnose patients that may be predisposed to micro-
vascular problems such as pressure ulcers.
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Limitations

One of the limitations of this study is that we did not apply
pressure less than 7.5kPa. It is possible that people with di-
abetes will have a reactive hyperemia to lighter forces of
pressure such as 3kPa, but that was not examined in this
study.
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