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Abstract
Study design Experimental before–after design.
Objectives The objectives of this study were to explore the effects of local cooling rates on perfusion of sacral skin under
externally applied pressure in people with spinal cord injury (SCI).
Setting Research laboratory.
Methods Seventeen participants, including seven wheelchair users with SCI and ten able-bodied (AB) controls. Each
participant underwent seven protocols, including pressure (60 mmHg) with local cooling (Δt=−10 °C) for 20 min at three
cooling rates (−0.5, −4, −10 °C/min), pressure with local cooling for 40 min, pressure with local heating (Δt=+10 °C),
local cooling without pressure, and pressure without temperature changes. Each protocol included a 10-min baseline, a 20-
min (or 40-min) loading period and a 20-min recovery. A compound sensor head consisting of laser Doppler and heating and
cooling probes was used to measure sacral skin blood flow and temperature in the prone position. Blood flow responses were
characterized by peak blood flow, recovery time, and total blood flow in the recovery period.
Results The results demonstrated that the cooling rate at −10 °C/min resulted in smaller skin blood flow response compared
with −0.5 °C/min (p < 0.05) but were not significantly different to the cooling rate at −4 °C/min. There was a significant
difference in the recovery time between the 20-min cooling compared with the 40-min cooling for the SCI group (p < 0.05).
Conclusions Our findings provide initial evidence that local cooling rates affect skin blood flow responses under externally
applied pressure in people with SCI.

Introduction

Pressure injury is one of most serious complications in
wheelchair users with spinal cord injury (SCI) [1, 2]. Due to
loss of sensory, motor, and autonomic functions along with
repetitive exposures to mechanical stresses and deforma-
tions, wheelchair users with SCI are at high risk for pressure
injury [3–5]. It is estimated that the incidence of pressure
injury in community-dwelling adults with SCI is more than
30% per year and the cumulative incidence during their life
time is up to 80% [6].

Numerous factors, including pressure, shear, tempera-
ture, and moisture, have been demonstrated to contribute to
pressure injury formation in people with SCI [2]. Among
these factors, temperature is a causative factor that has not
been well studied and incorporated in support surface
technology for the prevention of pressure injury [7–9].
Theoretically, soft tissues have a lower metabolic rate at a
lower temperature. Accordingly, local cooling of weight-
bearing tissues reduces metabolic demands and thus may
reduce tissue ischemia and risk of pressure injury [10].
Research studies have provided initial evidence of using
local skin cooling to reduce severity of tissue damage in
animal models [9, 11–13] and human subjects [8, 14, 15].

Iaizzo, Kokate et al. have demonstrated a close rela-
tionship between the severity of tissue damage and skin
temperature in a porcine model [11, 13], suggesting that
local cooling may reduce tissue damage in weight-bearing
tissues. Jan et al. examined skin blood flow (SBF) response
to 700 mmHg (93.3 kPa) loading pressure at three
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temperatures, including local cooling (Δt=−10 °C), local
heating (Δt=+10 °C), and no temperature changes in rats
[12]. Their results showed that local cooling may reduce
tissue ischemia by causing a smaller reactive hyperemic
response. Later, they used the same experimental settings in
another study and demonstrated that the reduced blood flow
response under cooling is related to the release of TNF-
alpha (a proinflammatory cytokine) in rats [9].

Tzen et al. compared reactive hyperemia in response to
60 mmHg (8 kPa) between local cooling to 25 °C and no
cooling on the sacrum and demonstrated that local cooling
induces a smaller hyperemia in able-bodied (AB) subjects
[15]. However, people with SCI lose sympathetic innerva-
tion over peripheral microcirculation that may attenuate
SBF response to local cooling. It is unclear whether local
cooling is effective on reducing ischemia of weight-bearing
tissues in people with SCI. Jan et al. studied SBF response
to 60 mmHg loading pressure at three temperature (Δt=
−10 °C, Δt=+10 °C, and Δt= 0) in people with SCI [8].
Their results showed that local cooling could induce a
smaller reactive hyperemia in people with SCI. Using
wavelet-based spectral analysis of blood flow oscillations
[16], they further demonstrated that a smaller reactive
hyperemia is attributed to a smaller contribution from both
the metabolic and neurogenic activities.

The study of local cooling on SBF regulations of
nonweight-bearing skin has been extensively studied [17].
Yamazaki et al. demonstrated that the rate of cooling (i.e.,
−0.5 and −4 °C/min) affects blood flow responses to local
cooling [18]. Local cooling rate at −4 °C/min induces a
biphasic response of SBF, including an initial vasocon-
striction due to the Rho–Rho kinase system and then a
transient vasodilation and a prolonged vasoconstriction
involved with both activation of adrenoceptors and inhibi-
tion of nitric oxide synthase (NOS) [17]. Local cooling rate
at −0.5 °C/min only induces a prolonged vasoconstriction.
Following SCI, thermoregulation becomes an issue in
people with high-level complete transaction [19]. People
with SCI lose all or part of autonomic nervous system over
thermoregulatory functions; however, local regulation such
as vascular response to local cooling may still function
following SCI. Also, studies discussing SBF response to
local cooling did not intend to understand SBF response to
local cooling under externally applied pressure, a needed
process for pressure injury development. It is unclear
whether under externally applied pressure, SBF response to
local cooling would demonstrate similar responses, that is,
not under externally applied pressure.

For the development of guideline and product of apply-
ing local cooling to weight-bearing tissues to reduce risk of
pressure injury, it is imperative to explore how local cooling
rates and durations affect SBF responses [8]. Furthermore,
the effects of various parameters of local cooling (e.g.,

cooling rates and cooling duration) have not been studied in
weight-bearing tissues that may limit the development of
cooling technology for preventing pressure injury. This is
particularly important because people with SCI may exhibit
very different responses compared with people without SCI.
Thus, the objectives of this study were to investigate the
effects of rates and durations of local cooling on SBF under
loading in people with SCI.

Methods

Participants

The inclusion criteria included traumatic SCI, injury level
between C4 and T5, and American Spinal Injury Associa-
tion Impairment Scale (AIS) between A and C. Each par-
ticipant with SCI needed to be in a stable clinical condition
(the traumatic event occurred more than 6 months before the
time of the study). The recruitment of AB controls was to
document normal responses of SBF during various experi-
mental protocols. This study was approved by the local
institutional review board for human subject research (OU
#14307). All participants gave consent prior participating in
this study.

Data acquisition

A before–after research design was used in this study. The
experiments were performed in a research laboratory. Room
temperature was maintained at 24 ± 2 °C. After at least 30
min stay in the lab to become acclimated to the room
temperature for achieving a steady blood flow level [8, 20],
the participant was positioned in a prone posture on a
mat table. A compound probe (Perimed, Ardmore, PA,
USA) consisting of temperature control and laser Doppler
probe was placed over the sacral skin [8]. SBF and tem-
perature were sampling at 32 Hz. A custom designed
indenter was used to apply a pressure of 60 mmHg to the
sacral skin [8].

All participants underwent seven experimental protocols
(Table 1) in two visits for a total of about 8–10 h, including:

Visit #1 (190 min)
P1: 10-min baseline, pressure (60 mmHg) without tem-

perature changes for 20 min, 20-min recovery, and 20-min
washout period.

P2: 10-min baseline, pressure (60 mmHg) with cooling
(Δt=−10 °C) at a rate of −10 °C/min for 20 min, 20-min
recovery, 20-min washout period.

P3: 10-min baseline, pressure (60 mmHg) with local
heating (Δt=+10 °C) at a rate of +10 °C/min for 20 min,
and 20-min recovery.

Visit #2 (280 min)

The effects of local cooling rates on perfusion of sacral skin under externally applied pressure in. . . 477



P4: 10-min baseline, pressure (60 mmHg) with cooling
(Δt=−10 °C) at a rate of −10 °C/min for 40 min, 20-min
recovery, and 20-min washout.

P5: 10-min baseline, cooling (Δt=−10 °C) to at a rate
of −10 °C/min for 20 min, 20-min recovery, and 20-min
washout.

P6: 10-min baseline, pressure (60 mmHg) with cooling
(Δt=−10 °C) at a rate of −0.5 °C/min for 20 min, 20-min
recovery, and 20-min washout.

P7: 10-min baseline, pressure (60 mmHg) with cooling
(Δt=−10 °C) at a rate of −4.0 °C/min for 20 min, and 20-
min recovery.

The data collected in the protocols 1, 2, and 3 were
reported in our previous paper [8]. These data were used for
the comparison purpose in this study. The main protocols
(4, 5, 6, 7) were not reported in any other paper. All par-
ticipants completed the second visit between 7 and 9 days of
the first visit to ensure that the sacral skin was not under the
influence of the experiment conducted in the first visit. The
long hours required for completing these seven protocols
significantly impacted the recruitment of participants with
SCI. The original intent was to recruit ten people with SCI
and ten AB controls. Examples of SBF and temperature
response to seven protocols are provided in Figs. 1 and 2,
respectively.

Data analysis

SBF response was characterized by the peak flow and total
flow after removal of loading pressure and temperature
control and the time needed for blood flow to return to the
baseline (i.e., recovery time) [8]. Because the calculated
peak blood flow and total blood flow may be influenced by
the baseline blood flow level, the two measures were nor-
malized by the baseline [20]. By comparisons of blood flow
responses during P2 (cooling rate at −10 °C/min), P6
(cooling rate at −0.5 °C/min), and P7 (cooling rate at
−4 °C/min), the effect of cooling rates on modulating SBF
responses could be studied. By comparisons of P2 (cooling
duration at 20 min) and P4 (cooling duration at 40 min), the
effect of cooling durations on reducing skin ischemia could

be studied. Because of the small sample size, the Wilcoxon
signed rank test was used to examine the statistical differ-
ences among seven protocols. The level of significance was
set at 0.05 for this exploratory study consisting of seven
repeated measures. All calculations and statistical analyses
were performed using Matlab R2017b (Natick, MA, USA).

Results

Seventeen participants were recruited into this study,
including seven wheelchair users with SCI and ten AB

Table 1 Descriptions of the
seven experimental protocols

Protocol Stimuli Duration (min) Temperature
change (°C)

Cooling rate
(°C/min)

P1 Pressure (60 mmHg) without
temperature control

20 / /

P2 Pressure (60 mmHg) with cooling 20 −10 −10

P3 Pressure (60 mmHg) with heating 20 +10 /

P4 Pressure (60 mmHg) with cooling 40 −10 −10

P5 Cooling without loading 20 −10 −10

P6 Pressure (60 mmHg) with cooling 20 −10 −0.5

P7 Pressure (60 mmHg) with cooling 20 −10 −4.0

Fig. 1 Typical examples of skin blood flow (SBF) response to seven
protocols. a Pressure without temperature changes (P1). b Pressure
with local cooling at a rate of −10 °C/min for 20 min (P2). c Pressure
with local heating for 20 min (P3). d Pressure with cooling at a rate of
−10 °C/min for 40 min (P4). e Cooling at a rate of −10 °C/min for
20 min (P5). f Pressure with cooling at a rate of −0.5 °C/min
for 20 min (P6). g Pressure with cooling at a rate of −4.0 °C/min for
20 min (P7)
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controls. All participants with SCI had a traumatic spinal
injury between C4 and T5 and met the American Spinal
Injury AIS levels between A and C. None of the participants
showed symptoms of cardiopulmonary diseases, diabetes,
or used any medications that might affect cardiovascular
function. Their demographic data are listed in Table 2.

Pressure with cooling

In the SCI group, peak blood flow (p < 0.05) and total blood
flow (p < 0.05) were significantly lower in all protocols of
pressure with cooling (P2, P4, P6, P7) compared with
pressure with heating (P3), but did not show significant
differences between pressure with cooling (P2, P4, P6, P7)
and pressure without temperature changes (P1). In the AB
group, peak hyperemia (p < 0.05) and total hyperemia (p <
0.05) in all protocols of pressure with cooling were sig-
nificantly lower than those under pressure with heating.
(Fig. 3 and Table 3)

Pressure with three cooling rates

For cooling rate effects, SBF responses of protocols P2
(pressure with cooling rate at −10 °C/min), P6 (pressure

with cooling rate at −0.5 °C/min), and P7 (pressure with
cooling rate at −4 °C/min) were compared in the SCI group.
The results showed that cooling rate at −10 °C/min results
in significantly smaller total blood flow compared with
−0.5 °C/min (p < 0.05). However, there were no significant
differences between −10 °C/min and −4 °C/min and
between −4 °C/min and −0.5 °C/min. (Fig. 3 and Table 3)

Pressure with two cooling durations

For cooling duration effects, recovery time of protocols of
P2 (20 min duration) and P4 (40 min duration) showed a
significant difference (p < 0.05) in the SCI group. The AB
group showed a significant difference in the peak hyperemic
response between two protocols (p < 0.05) (Fig. 3 and
Table 3).

Cooling without pressure

For cooling without pressure (P5), SBF shows an initial
decrease (vasoconstriction), a small transient increase
(vasodilation) and then a prolonged decrease (vasocon-
striction) compared with baseline (Fig. 1e).

Skin temperature

Values of skin temperature during the baseline, stimulus
(loading) period, and the first 5 min of the recovery period
(reactive hyperemia) are listed in Table 4.

Discussion

The results of this study demonstrated that: (1) pressure
with cooling resulted in a smaller blood flow response as
compared with both pressure with heating and pressure
without temperature changes after 20-min pressure at
60 mmHg in people with SCI, (2) a fast cooling rate was
more effective on decreasing blood flow responses in the

Table 2 Demographic data of the participants

Able bodied SCI (C4–T5)

Number of participants 10 7

Gender (M/F) 5/5 4/3

Age (years) 27.5 ± 4.7 35.8 ± 11.0

Body mass index (kg/m2) 25.8 ± 3.4 23.3 ± 2.5

Injury duration (years) / 9.7 ± 3.8

Systolic blood pressure (mmHg) 120.4 ± 11.0 114.1 ± 21.1

Diastolic blood pressure (mmHg) 72.4 ± 6.2 70.8 ± 14.0

Heart rate (beats/min) 69.8 ± 9.4 74.5 ± 13.0

Values are mean ± standard deviations

Fig. 2 Typical examples of skin temperature in seven protocols.
a Pressure without temperature control (P1). b Pressure with cooling at
a rate of −10 °C/min for 20 min (P2). c Pressure with local heating
(P3). d Pressure with cooling at a rate of −10 °C/min for 40 min (P4).
e Cooling at a rate of −10 °C/min for 20 min (P5). f Pressure with
cooling at a rate of −0.5 °C/min for 20 min (P6). g Pressure with
cooling at a rate of −4.0 °C/min for 20 min (P7)
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weight-bearing skin in people with SCI, and (3) the duration
of cooling also affected blood flow responses of weight-
bearing skin in people with SCI. Our findings may provide
initial evidence for determining parameters of cooling
technology (e.g., cooling rates and cooling durations) for
preventing pressure injury in people with SCI. The findings
of this study and previous animal studies [9, 11–13] suggest
that a support surface (e.g., wheelchair cushion) with
cooling might effectively reduce ischemia of compressed
soft tissues around the ischial tuberosity for preventing
pressure injury in wheelchair users with SCI. Although the
microclimate factor (temperature and relative humidity) has
been gaining recognitions among clinicians [7], the devel-
opment and implementation of wheelchair cushions with
cooling is worth more investigation.

Our study showed that total SBF was smaller in pressure
(60 mmHg) with cooling rate of −10 °C/min (P2) compared
with pressure with cooling rate of −0.5 °C/min (P6) in
people with SCI. This suggests that a fast cooling rate may
be more effective on reducing ischemia of weight-bearing
tissues in people with SCI. This result is consistent with
previous studies on investigating cooling rates in
nonweight-bearing skin [18]. Yamazaki et al. reported that
local cooling could induce a biphasic response, including an
initial vasoconstriction and then a transient vasodilation and
a prolonged vasoconstriction; and such response is depen-
dent on the cooling rate [18]. In the present study, the
results suggest that under the same loading pressure and the

same duration, fast cooling simultaneously applied with
pressure may cause a smaller stress (or stimulus) to the
weight-bearing skin compared with slower cooling. This
means that in the same person, a smaller ischemia caused by
externally applied pressure would elicit a smaller reactive
hyperemia response [21, 22]. It should be noted that in the
protocol P2, mean skin temperature during the recovery
period (23.9 ± 0.2 °C) was lower than that in the protocol P6
(25.1 ± 1.0 °C). The lower temperature was correlated to a
smaller reactive hyperemia (or SBF response).

Intensities of reactive hyperemic response have led to the
concept of flow- or oxygen-debt “repayment” [23].
Although the SBF response in this study is not strictly a
reactive hyperemic response due to mixed loading and
temperature stimuli, the blood flow responses under various
cooling rates may follow the principle of oxygen-debt
repayment. The flow debt repayment is represented by the
area under the hyperemia curve [8, 23], which is propor-
tional to total hyperemia. Our results showed that reactive
hyperemic response was largest in pressure with heating
(P3), modest in pressure without temperature changes (P1)
and pressure with cooling for 40 min (P4), and smallest in
pressure with cooling for 20 min (P2). Comparing reactive
hyperemia between pressure with cooling for 20 min (P2)
and for 40 min (P4), it can be deduced that a longer
occlusion duration resulted in a larger reactive hyperemic
response in weight-bearing tissues in people with SCI. This
observation is consistent with the previous studies [22, 23].
By comparing reactive hyperemia between pressure with
cooling and pressure without temperature changes for the
same duration (P2 and P1), it could be deducted that local
cooling reduces reactive hyperemic response in weight-
bearing tissues. On the other hand, recovery time and total
hyperemia in pressure with cooling for 40 min (P4) was
comparable with those in pressure without temperature
changes for 20 min (P1), suggesting that the effect of
decreasing temperature by 10 °C on reducing reactive
hyperemia was comparable with that of shortening the
occlusion duration by 20 min.

Based on our results, people with SCI demonstrated a
microvascular regulatory function in response to various
interface loading pressure and temperature stimuli. These
observed responses may be contributed by these local
mechanisms, such as NOS. In the previous study [18], NOS
enzymes include neuronal, inducible, and endothelial NOS
that may be involved in skin blood regulation in response to
local cooling. Among these NOS enzymes, endothelial
NOS (released by vascular endothelial cells) may be parti-
cularly important in people with complete SCI (no sensory
and motor functions below the injury level) in reducing
ischemia of the weight-bearing skin. Also, a transient
increase in SBF under fast cooling may be a promising
function that can be used to increase skin and underlying

Fig. 3 Parameters of reactive hyperemia under six protocols (exclud-
ing cooling without loading (P5)). Values are means ± standard errors.
a Normalized peak hyperemia. b Recovery time. c Normalized total
hyperemia
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soft tissue viability in people with SCI. This cooling-
induced vasodilatory response was reported by Pergola
et al. [24]. Cooling appears to be a promising intervention to
reduce ischemia and risk of pressure injury in people with
SCI given the fact of these local mechanisms (endothelial
and vascular smooth muscle cells) remain functioning
following SCI.

Our results indicated that SBF response in people with
SCI showed less distinct differences among the protocols
compared with AB controls. This means that the effect of
local cooling on reducing tissue ischemia was attenuated.
Such an attenuation might be associated with diminished

function of sensory nerves in people with SCI, because
sensory nerves have been found to be involved in reactive
hyperemic response [25, 26] and cold-induced vasocon-
striction [24, 27]. Nevertheless, our results may be worth
further investigation for its potential therapeutic effects on
helping to prevent pressure injury. Our results suggested
that a decrease in skin temperature by 10 °C seems to be
effective for reducing skin ischemia of weight-bearing tis-
sues and that a higher cooling rate may be more beneficial
for this purpose. However, our results were obtained using
the protocols in which a surface pressure of 60 mmHg was
applied to the sacral skin. In real life environments,

Table 3 P values from
comparisons of reactive
hyperemia between seven
protocols (Wilcoxon signed
rank test)

Able bodied SCI

Normalized peak hyperemia

P2 P3 P4 P6 P7 P2 P3 P4 P6 P7

P1 0.044* 0.007** 0.894 0.489 0.095 0.786 0.052 0.250 0.500 0.905

P2 <0.001** 0.028* 0.243 0.751 0.024* 0.200 0.786 0.857

P3 0.001** <0.001** <0.001** 0.262 0.004** 0.010*

P4 0.350 0.064 0.143 0.114

P6 0.255 0.286

Normalized total hyperemia

P2 P3 P4 P6 P7 P2 P3 P4 P6 P7

P1 0.041* 0.001** 0.965 0.505 0.370 0.527 0.073 0.927 0.945 0.268

P2 <0.001** 0.062 0.238 0.129 0.006** 0.114 0.038* 0.905

P3 <0.001** <0.001** <0.001** 0.109 0.005** 0.018*

P4 0.274 0.604 0.762 0.413

P6 0.743 0.329

Recovery time

P2 P3 P4 P6 P7 P2 P3 P4 P6 P7

P1 0.163 0.001** 0.460 0.965 0.122 0.129 0.113 0.536 0.945 0.440

P2 <0.001** 0.071 0.538 0.745 0.019* 0.048* 0.111 0.841

P3 <0.001** <0.001** <0.001** 0.299 0.50 0.042*

P4 0.321 0.200 0.914 0.178

P6 0.574 0.556

*p < 0.05; **p < 0.01

Table 4 Skin temperature during the baseline, stimulus/loading period, and the first 5 min of the recovery period (reactive hyperemia) in seven
protocols (°C)

Able bodied SCI

Baseline Stimulus period Recovery period Baseline Stimulus period Recovery period

P1 29.7 ± 0.2 31.2 ± 0.2 31.4 ± 0.2 29.8 ± 0.3 31.3 ± 0.2 31.5 ± 0.2

P2 29.9 ± 0.4 19.6 ± 0.3 23.8 ± 0.3 29.0 ± 0.2 19.6 ± 0.2 23.9 ± 0.2

P3 29.9 ± 0.3 40.4 ± 0.4 31.5 ± 0.2 29.5 ± 0.2 40.0 ± 0.0 31.5 ± 0.4

P4 29.5 ± 0.2 20.0 ± 0.1 24.0 ± 0.4 29.4 ± 0.4 19.7 ± 0.2 23.8 ± 0.4

P5 29.4 ± 0.1 19.8 ± 0.1 23.1 ± 0.2 29.5 ± 0.3 19.6 ± 0.2 23.1 ± 0.4

P6 30.0 ± 0.3 24.5 ± 0.4 24.3 ± 0.3 29.0 ± 0.2 25.5 ± 0.3 25.1 ± 1.0

P7 29.5 ± 0.2 21.1 ± 0.4 24.4 ± 0.5 28.7 ± 0.2 20.9 ± 0.2 23.9 ± 1.1

Values are means ± standard errors
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wheelchair cushion interface pressure may vary con-
siderably among individuals, especially in people with SCI
[28]. More studies are needed to understand the interactions
between various loading conditions and thermal stress
(heating and cooling) and their effects on ischemia of
weight-bearing tissues in people with SCI.

Study limitations

This study had several limitations. First, we were only able
to recruit seven people with SCI for the experiments. Due to
organizational aspects and lack of participants being willing
to participate, the author had to finish earlier. The current
protocols required participants to lie still in a prone position
for better control of loading pressure patterns, which might
cause discomfort in participants. Future study may need to
develop a more comfortable position for participants. Our
findings may be influenced by the small sample sizes.
However, the purpose of this exploratory study was to test
the feasibility of using local cooling for reducing skin
ischemia in people with SCI and the efficacy of different
cooling rates. Our results showed that local cooling can
reduce reactive hyperemic response and that a higher
cooling rate may be more effective. Second, people with
SCI were older than AB controls. Hence, impaired micro-
vascular function in this population was due to a combi-
nation of SCI and the aging process. However, as
mentioned above, the purpose of this study was to compare
the influence of various cooling rates on SBF responses
under externally applied pressure. The author used the
repeated measures design (cooling at different cooling rates
for different durations, heating, and no temperature control)
and therefore a participant served as his/her own controls.
The age effect on the SBF response to three protocols
should be kept minimal in our design. Last, there are many
statistical comparisons in this study. Some of these findings
may be spurious because of the high number of statistical
tests used in this exploratory study.

Conclusion

Our results suggest that fast local cooling may be more
effective on affecting SBF responses under loading pres-
sure. By assessing SBF response to various cooling rates
and durations, clinicians may develop local cooling para-
meters to prevent pressure injury in people with SCI.
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