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Effectiveness of local cooling for enhancing
tissue ischemia tolerance in people with spinal
cord injury
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Objective: To investigate the effects of localized cooling and cooling rate on pressure-induced ischemia for
people with and without neurological deficits.

Design: A 2 x 3 mixed factorial design with two groups: (1) people with spinal cord injury (SCI) and (2) people
without neurological deficits (control), and three test conditions: (1) pressure only, (2) pressure with fast cooling
(—4°C/min), and (3) pressure with slow cooling (—0.33°C/min).

Setting: University laboratory.

Participants: Fourteen controls and 14 individuals with SCI.

Interventions: Pressure on the sacrum was 0.4 kPa for 5 minutes, then 8 kPa for 20 minutes, and finally 0.4 kPa
for 15 minutes. Fast and slow cooling to 25°C applied during 8 kPa of pressure.

Outcome measures: Reactive hyperemia and its spectral densities in the metabolic, neurogenic, and myogenic
frequency ranges.

Results: In controls, reactive hyperemia was greater in pressure only as compared with both cooling conditions.
No change was noted in all spectral densities in both cooling conditions, and only neurogenic spectral density
increased without cooling. In subjects with SCI, no difference was noted in reactive hyperemia among
conditions. However, metabolic and myogenic spectral densities increased without cooling and all spectral
densities increased with slow cooling. No change was noted in all spectral densities with fast cooling.
Conclusion: Local cooling reduced the severity of ischemia in controls. This protective effect may be masked in
subjects with SCI due to chronic microvascular changes; however, spectral analysis suggested local cooling
may reduce metabolic vasodilation. These findings provide evidence towards the development of support
surfaces with temperature control for weight-bearing soft tissues.
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Introduction

Background

Prolonged pressure-induced tissue ischemia is a major
pathway to pressure ulcer development.' Pressure redis-
tribution using specially designed support surfaces is the
primary approach to lowering a person’s risk of develop-
ing a pressure ulcer. However, in many situations, the
pressure redistribution needed to maintain adequate
blood blow and nutrient supply could not be achieved.
Controlling temperature to reduce the demand for nutri-
ents when they are limited is a potential adjunct
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prevention strategy. The effect of increased skin temp-
erature on ulcer formation was first introduced
through animal studies.” * Studies on swine found that
higher skin temperature not only caused more severe
tissue damage under the same amount and duration of
localized pressure,” it also required a shorter amount
of time to cause the same severity of tissue damage
under the equivalent amount of localized pressure.’
Since the tissue metabolic rate increases 6—13% per °C
in human,”’ it is suspected that increased skin tempera-
ture might shorten the time from the beginning of
tissue ischemia to actual tissue breakdown.?

Cooling of the skin has a metabolic-arresting effect
that reduces tissue metabolic demand,® and causes
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vasoconstriction’ that decreases the rate of free diffusion
based on the Strokes-Einstein theory.® Although vaso-
constriction reduces blood flow by decreasing the diam-
eter of the vessels and may offset the benefit of reduced
metabolic demand, we believe that local cooling is more
beneficial than harmful during weight-bearing con-
ditions for two reasons. First, the blood vessels may be
completely occluded during weight bearing, thus elimi-
nating the effect of vasoconstriction. Second, for par-
tially occluded blood vessels, the percent reduction in
metabolism consumption is greater than the reduction
in free diffusion rates for the same temperature decrease.
For example, without externally applied pressure on the
skin, a 1°C reduction in skin temperature may cause
about a 10% reduction in metabolic rate in a human,’
while it would cause less than a 1% reduction in free dif-
fusion due to the small changes in absolute temperature
and viscosity at temperatures above 25°C.%° Since local
tissue ischemia is unavoidable during most weight-
bearing situations, local cooling may be a beneficial
feature to help protect the tissue.

Local cooling interventions are well-known for pro-
tecting ischemic tissue in surgery procedures'®'? by
reducing metabolic demand® and minimizing ischemia-
reperfusion injury.'*> However, its application on
pressure ulcer prevention is not fully explored in
humans. The authors of the current paper previously
investigated the effect of cooling on 10 young healthy
adults by measuring reactive hyperemia (a normal phys-
iological response of sudden increased blood flow upon
release of tissue ischemia) using noninvasive laser
Doppler flowmetry (LDF).* Reactive hyperemia was
induced with 60 mmHg of pressure for 30 minutes,
and skin local cooling (25°C) was applied during this
period of time. Our findings of decreased reactive hyper-
emia when skin local cooling occurred during ischemia
suggested that the severity of ischemia was reduced
with the application of local cooling.

Pressure ulcers are one of the most common secondary
complications in people with spinal cord injury (SCI).'*!>
A majority of people with SCI at T6 and above have
decreased thermoregulatory control below the injury
level due to impairments in autonomic function'® and/
or sensation.” Although there has been no direct
linkage between thermoregulation and pressure ulcer for-
mation in people with SCI, the decreased thermoregula-
tory control after injury may contribute to increased
skin temperature while the skin is in close contact with
support surfaces. Since our previous study demonstrated
that the effect of cooling could be successfully examined
noninvasively in humans,* and another previous study
found that a fast cooling rate (—4°C/min) may cause
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less vasoconstriction compared to a slower cooling rate
(—0.33°C/min),"” the objective of this study was to inves-
tigate the effect of skin local cooling at two controlled
cooling rates on tissue tolerance during prolonged
pressure in people with and without SCI.

Specific aims and hypotheses

There were two specific aims of the study. The first was
to investigate the skin blood flow response in weight-
bearing sacral tissues of people with and without SCI,
with and without cooling, and with cooling at two
different rates. Reactive hyperemia was selected as the
outcome measure. We hypothesized that (1) the reactive
hyperemia is greater without cooling as compared to
both fast and slow cooling in people with and without
SCI; and (2) the reactive hyperemia is greater with
slow cooling as compared to fast cooling in people
with and without SCI.

The second specific aim was to investigate the under-
lying vascular control mechanism that responds to local
cooling and pressure stimuli for people with and without
SCI. The vascular response is mediated through differ-
ent mechanisms (e.g. metabolic, neurogenic, and myo-
genic) with each affecting blood flow oscillations in
near mutually exclusive frequency bands.'®2° By apply-
ing time-frequency analysis via the short-time Fourier
transform (STFT) of the skin blood flow (SBF) signal,
we were able to quantify the contribution of each
control mechanism. We hypothesized that (3) the meta-
bolic and myogenic spectral densities (magnitude square
of STFT) increase significantly during reactive hypere-
mia in both groups without local cooling application,
but do not increase with the two cooling applications;
and (4) the neurogenic spectral density only increases
significantly during reactive hyperemia for those
without SCI when they do not receive cooling.

Methods

Design

This study used a 2x3 mixed factorial design. Two
groups of subjects were recruited: (1) 14 people with
SCI, and (2) 14 people without SCI (CTRL). Each
subject was tested under three conditions: (1) pressure
with fast cooling (—4°C/min) (PF), (2) pressure with
slow cooling (—0.33°C/min) (PS), and (3) pressure
with no cooling (PO).

Sample population

All subjects were recruited from the greater Pittsburgh
area. The University of Pittsburgh Institutional
Review Board approved the protocol. The inclusion cri-
teria for people with SCI were injury level T6 or above,



American  Spinal  Injury  Association  (ASIA)
Impairment Scale grade A or B,*' non-ambulatory,
with no sensation of temperature below the injury level
and presence of at least one symptom of autonomic
function impairment (autonomic dysreflexia, lack of
awareness of need to empty bladder, and/or sensation
of bowel movement). The exclusion criteria were cardio-
vascular or pulmonary diseases, diabetes, hypertension,
or smokers who could not refrain from smoking for
4 hours prior to the experiment.

Instruments

An integrated test system developed in our previous
pilot study* was modified for use in this study (Fig. 1).
The test system includes three major components:
(1) computer-controlled indenter, (2) thermoelectric
cooler, and (3) LDF system. One proportional-
integral-derivative controller was used to adjust and
maintain the pressure applied on the skin to within
10 mmHg of the target value and another was used to
regulate the temperature to within 0.02°C of the
target. The LDF system was used to measure the skin
blood flow. The indenter surface had a circular area of
2.85cm? The LDF probe (~2mm diameter) was
located in the center of the circular indenter surrounded
by a cooling surface of 1.8 cm?.

Procedures
All procedures were performed at room temperature
22 + 1°C. Demographic data (age, weight, and height),

Figure 1

Integrated test system (A-D) and the counter weight (E).
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self-reported medical history (level and time since
injury), blood pressure, heart rate, ASIA Impairment
Scale,”! and autonomic function assessment forms>>
were obtained upon consent to the study. Subjects
were randomized into six different orders of the three
test conditions to prevent an ordering effect. Subjects
lay prone on a mat table throughout the test sessions,
and the experiments took place on the skin in the
sacral area. Each experimental condition took up to
40 minutes and was identical in pressure application
phase — 0.4kPa (3mmHg) for 5 minutes, 8kPa
(60 mmHg) for 20 minutes, and 0.4 kPa for 10
minutes. The test conditions varied by the existence
and the rate of local cooling during the 8-kPa-pressure
application. Two washout periods (each for 30-60
minutes) were provided between test sessions.
Participants were asked to lay prone on the mat table
for 15 minutes before each test condition was performed
to acclimate to the posture for testing. All three test con-
ditions were performed on 1 day or on 2 days within
1 week depending on the scheduling needs of partici-
pants. Caffeinated food or drinks were refrained from
for 12 hours prior to the experiment.

Data collection and processing

The pressure applied on the skin, skin temperature, and
were collected at 20 Hz via a LabVIEW program
(version 7.3, National Instrument, Austin, TX, USA).
The SBF signal was then processed through two

- Lever
E. Counterweight
the indenter
Motor movement
A. Motor €] command
B. Stage
Computer
| C. Load Cell
Read load
value
D. Cooling
System
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Figure 2 Reactive hyperemia time domain parameters
selection.

methods to calculate the time-domain parameters of
reactive hyperemia and the spectral densities. The SBF
signal was first digitally down-sampled to 0.5 Hz.

Fig. 2 is the SBF collected from one of the subjects
and demonstrates the selection of each parameter. To
select the time-domain parameters of reactive hypere-
mia, the down-sampled SBF signal was processed with
a 10th order Chebyshev I low-pass filter (cutoff fre-
quency 0.15 Hz) to eliminate the blood flow oscillation
caused by heart rate and respiration; the signal then
underwent a median filter (22-second window) to
remove the artifacts of the signal caused by involuntary
movement/spasticity of the subjects with SCI. To select
the parameters objectively, the modified bi-exponential
equation”® was used to fit the reactive hyperemic
response on the SBF signal. A least-squares model fit
was used to fit the bi-exponential curve

()= Are”/" + A + B (1)

to the filtered SBF data to calculate the normalized peak
SBF (maximum percent increase of SBF, where bSBF is
the baseline SBF)

2 71

—A2T1 Ty — T _AZTI T2 — T
= A ——— 2 1 A 2 1 B
ypedk 1< A1T2 ) tA4 A1T2 +
2

Ynormalized-peak
B { [(Vpeak — bDSBF)/bSBF] x 100%,  ypeak > bSBF
0, Vpeak < bSBF
(3)
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and perfusion area

Area

[0 /() — bSBF)dt = Ay 71+ 4272,  Ypeak > bSBF
0, Vpeak = bSBF
4

To calculate the spectral densities of the SBF data, a
spectrogram (magnitude-square STFT, 512 second
Hanning window) was computed on the down-
sampled SBF data

2
Peplt, @) = |S(w) = \/12_71! T — 0dr| (5)

where S;(w) is the short-time Fourier transform (STFT)
of the signal s(7) computed with window /(7). For stat-
istical analysis, the spectral densities from three different
frequency bands were integrated over the first five-
minute interval of reactive hyperemia (time period
1500-1800 seconds) and normalized using values inte-
grated over the five minutes of baseline (time period
0-300 seconds).

. 1800 d
P—Tw :('[wzzw] IT:ISSe()C(;)SEC(S)nds (T’ w)dew)/

(jwz I3OOSecondZ (T, w)dew)

w=w; *T=0secon

(6)

Where wi-w, represents the three frequency bands:
metabolic (0.008-0.02 Hz), neurogenic (0.02-0.05 Hz),
and myogenic (0.05-0.15 Hz) spectral densities. All
SBF signal processing procedures were performed
using the MatLab program (The MathWorks, Natick,
MA, USA).

Data analysis

To ensure the repeatability of the instrument and the
study protocol, two-way repeated measures analysis of
variance was used to compare the differences in
applied pressure, skin temperature, and baseline SBF
among test conditions and subject groups. Due to the
small sample size and the variation of the SBF data,
non-parametric tests were used to test the hypotheses.
To test the first two hypotheses, the Friedman test was
used to compare the normalized peak SBF and per-
fusion area among the three test conditions, and pair-
wise comparison with Bonferroni correction was used
when there was a significant difference among test con-
ditions. To test the other two hypotheses, Wilcoxon
signed rank test was used to compare the difference in
spectral densities during baseline and reactive
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Table 1 Summary of subjects’ demographic data. The results were presented as mean + one standard deviation

Group Number of subjects recruited Gender Age (years) Body mass index (kg/m?) Mean blood pressure (mmHg)
CTRL 14 7 Male 33.79+11.12 22.79 +3.21 85.11+8.20

7 Female
SCI 14 13 Male 37.79 + 10.96 22.30 + 3.64 79.18 £ 8.37

1 Female

SClI, spinal cord injury; CTRL, controls.

hyperemia. SPSS for Mac (version 13, IBM Corp.,
Armonk, NY, USA) was used for all statistical analyses.
Values of P < 0.05 were recognized as significant for all
statistical results.

Results

Subjects

Twenty-eight adults were recruited for this study: 14
with SCI (1 female and 13 male) and 14 without neuro-
logical deficits (CTRL) (7 female and 7 male) (Table 1).
For subjects with SCI, 11 had injury in the cervical
region (C4-C8), and 3 had injury in the thoracic
region (T4-T6). The averaged time since injury was
12.43 + 9.32 years.

Instrumentation repeatability

Table 2 shows the instrumentation repeatability of
pressure, temperature control, and based SBF. During
the pressure phase of 60 mmHg, the pressure on the
sacral skin was not significantly different within
subject (P =0.144) and between groups (P =0.177).
In controls, the skin cooled at 2.02 = 0.67°C/minute
with fast cooling and remained at 24.97 + 0.02°C for
18.5 + 0.3 minutes. The skin cooled at 0.25 + 0.03°C/
minute with slow cooling and remained at 25.00 =
0.01°C for 9.9 = 4.1 minutes. In people with SCI, the
skin cooled at 1.75 = 0.77°C/minute with fast cooling
and remained at 24.97+0.02°C for 18.4+0.6
minutes. The skin cooled at 0.22 + 0.04°C/minute
with slow cooling and remained at 25.00 = 0.01°C for

Table 2 Instrumentation repeatability: pressure, temperature
control, and baseline SBF

Temperature at

Pressure phase of the end of Baseline

60 mmHg (mmHg) 60 mmHg (°C) SBF (au)
CTRL PO 58.04 +2.46 28.10 £ 0.66 5.86 +3.14
PS 57.40+1.50 25.00 + 0.01 6.58 +3.43
PF  57.30+1.83 24.97 +0.02 6.78 +3.18
SCI PO 59.28+4.74 27.86 £0.92 6.13+3.34
PS  59.86 + 4.31 25.00 = 0.01 5.87 +2.85
PF  58.85+4.19 24.98 +0.02 5.85+2.97

SCI, spinal cord injury; CTRL, controls; PO, pressure only; PS,
pressure with slow cooling; PF, pressure with fast cooling; au,
arbitrary unit.

9.4 +5.5 minutes. At the end of the 60 mmHg of
pressure, the skin temperature in the non-cooling test
session was significantly greater than that in fast (P <
0.001) and slow cooling (P < 0.001). The skin tempera-
ture in slow cooling was also significantly greater than
that in fast cooling (P < 0.001); however, the difference
in temperature was smaller than 0.05°C. The baseline
SBF was also not significantly different among test con-
ditions (P = 0.530) and between groups (P = 0.146).

Normalized peak skin blood flow and

perfusion area

Figs. 3 and 4 are the averaged reactive hyperemic
response for each test condition for controls (Fig. 3)
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Figure 3 Averaged reactive hyperemic response in controls.
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Figure 4 Averaged reactive hyperemic response in people
with SCI.
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and people with SCI (Fig. 4). In controls, the normal-
ized peak SBF was greater with non-cooling (117.15 +
127.31%) as compared with both slow (47.06 +
48.87%, P =0.033) and fast cooling (43.80 + 62.93%,
P = 0.023) conditions; however, there was no significant
difference between fast and slow cooling (P = 0.695).
The perfusion area was also greater with non-cooling
(261.94 + 213.04 au-seconds) as compared with both
slow (67.61 +78.30 au-seconds, P =0.016) and fast
cooling (101.13 = 175.69 au-seconds, P = 0.023) con-
ditions; however there was no significant difference
between fast and slow cooling (P = 0.937). For people
with SCI, there was no significant difference
among test conditions for normalized peak SBF
(fast: 82.27 £110.66, slow: 140.18 +=139.02, non-
cooling: 108.36 = 90.04 %, P =0.338) and perfusion
area (fast: 212.11 +364.93, slow: 370.04 = 378.42,
non-cooling: 367.10 + 300.51 au-seconds, P = 0.174).

Spectral density

Fig. 5 shows the box plots of the three spectral densities
for all test conditions and subject groups. In the control
group, only the neurogenic spectral density significantly
increased in the pressure with no cooling condition. In
subjects with SCI, the metabolic and myogenic spectral
densities significantly increased in the pressure with no

cooling condition, and all spectral densities significantly
increased in the pressure with slow cooling condition.

Discussion

The phenomenon of reduced peak reactive hyperemia in
the control group suggested that local cooling of the skin
reduced the severity of tissue ischemia in people without
neurological deficits.* This finding is consistent with a
previous swine coronary artery study, where mild
cooling from 37 to 34°C reduced 43% of the peak reac-
tive hyperemia.”” Perfusion area represents the total
increase in SBF after tissue ischemia, and our results
from the control group suggested that local cooling of
the skin decreased metabolic repayment of the ischemic
tissue in people without neurological deficits.*® Results
from the neurogenic spectral density analysis suggested
that sympathetic vasoconstriction dominated in regulat-
ing the skin blood flow during reactive hyperemia when
no cooling intervention was applied. We did not find
any increase in metabolic spectral density without
cooling, and this may be due to other unknown mechan-
isms (possibly related to temperature changes) that were
below the frequency band we analyzed. A study that dis-
covered these low-frequency oscillations suggested that
it could only be analyzed via wavelet transform, but
not Fourier transform.?” We did not find any significant
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Figure 5 Box plots of spectral densities. The alphanumeric markings are outliers. Symbol * indicates statistically significant values.
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differences in reactive hyperemia between fast and slow
cooling in people without neurological deficits. This
may be because the initial vasodilation was diminished
by the partial or total occlusion of blood vessels due
to the applied pressure. In addition, the initial vasodila-
tion may last for a comparatively short period of time
during loading, since the duration of this vasodilation
phase remained unknown.'”

The phenomenon of decreased reactive hyperemic
response with skin local cooling was not demonstrated
in people with SCI. This may be because the reactive
hyperemic response is reduced in people with chronic
SCI. Previous studies found that the blood flow response
in people with SCI had significantly lower normalized
peak?® and perfusion area.” The reduced reactive
hyperemic response in chronic SCI may be caused by
increased vascular resistance,’® impaired B-adrenergic
vasodilation, reduced nitric oxide release or endothelial
sensitivity to the nitric oxide.”® These microvascular
changes may possibly contribute to the decreased vascu-
lar capacity of dilation® and/or reduced sensitivity to
tissue ischemia®® in people with SCI. Results from the
metabolic spectral density suggested that there were
more metabolic vasodilators accumulated in pressure
only and pressure with slow cooling. Other spectral
density results suggested that both the nerve mediated
vasoconstriction and capillary smooth muscle contrac-
tion contribute to regulate the skin blood flow during
pressure only and pressure with slow cooling, and the
local nerve response and vascular control might be par-
tially preserved in people with chronic SCI.*! Although
the magnitude of reactive hyperemia did not reveal any
changes due to the varying test conditions, spectral
density data provided evidence of potential physiologi-
cal changes with tissue ischemia and temperature inter-
vention. Further investigation of the percentage of each
control mechanism may be helpful to understand why
the changes in the spectral density during reactive hyper-
emia were observed, yet this difference was not evident
in the time domain parameters for people with SCI.

Limitations

There are three limitations of this study. First, medical
history, smoking history and consumption of caffeinated
food and beverages were self-reported. Second, since
this is a non-invasive human study, we did not
measure the exact metabolic substances (e.g. nitric
oxide) or neurotransmitter that contributes to each of
the vascular control mechanisms. However, alternative
measurements using spectral analyses were performed
in this study to investigate these mechanisms, and find-
ings in people with SCI suggested that the add-on
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spectral analyses of the reactive hyperemic response
are crucial to reach our conclusions. Lastly, this study
was performed at the sacral area in the prone position
to reduce as many confounding variables as possible,
and the test condition does not represent that of sitting
on a wheelchair seat cushion. The pressure application
area was surrounded with tissue that was pressure free
in our study, while the tissues surrounding the ischial
tuberosities during sitting are not pressure free. Future
studies should investigate the cooling effect in a seated
position to further implement the findings in clinical
practice to prevent pressure ulcers.

Conclusions

This was the first study to investigate the effect of local
cooling on ischemic tissue in people at risk for pressure
ulcer development. Our results suggested that both local
fast and slow cooling had protective effects on ischemic
skin in individuals without neurological deficits. This
supported previous animal and human studies that
local skin cooling is beneficial to the tissue during pro-
longed pressure. We did not find this protective phenom-
enon in people with SCI, possibly due to chronic
microvascular changes after SCI that were not fully
explored. However, less metabolic vasodilator accumu-
lation was indicated through time-frequency analysis
of the SBF when local fast cooling was applied.
Findings from this study provide evidence of the role
microclimate may play in pressure ulcer risk.
Microclimate considerations should be part of clinical
assessments and pressure ulcer prevention strategies.
First, support surfaces with temperature control for
weight-bearing soft tissues need to be developed. In
addition, investigation of the changes in microclimate
of the skin in clinic may contribute to the understanding
of the risk for pressure ulcer development in people
with SCI.
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