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Abstract
Study design: Interventional feasibility study.
Objectives: To evaluate safety and effects of local heat preconditioning on skin physiology using water-filtered infrared-A
radiation (wIRA) or warm water therapy (wWT) in individuals with spinal cord injury (SCI).
Setting: Acute and rehabilitation center, specialized in SCI.
Methods: A convenience sample of 15 individuals (3 women, 12 men) with complete paraplegia from thoracic levels
ranging between T2 and T12 received local heat applications either with wIRA or wWT on the thigh (paralyzed area) and on
the upper arm (non-paralyzed area). Local heat was applied during three 30-min cycles, each separated by 30 min rest; thus,
the treatment lasted for 180 min. Temperature, blood perfusion, and skin redness were measured at baseline, before and after
heat application and 24 h after the last application.
Results: Heat applications with wIRA and wWT were well-tolerated. No burns or any other side effects were detected. Skin
temperature (p ≤ 0.008) and blood perfusion (p ≤ 0.013) significantly increased after heat application. Local skin temperature
(arm p= 0.004/leg p < 0.001) and blood perfusion (arm p= 0.011/leg p= 0.001) after the first and the second application
cycle, respectively, were significantly higher during heat application with wIRA than with wWT. However, skin redness did
not change significantly (p= 0.1). No significant differences were observed between the paralyzed and non-paralyzed areas
for all parameters immediately, as well as 24 h after the treatment.
Conclusions: Although both heating methods have been confirmed as safe treatments in this study, further investigations
with regard to their efficacy in the context of preconditioning are warranted.
Sponsorship: The use of the instruments Hydrosun® 750 Irradiator (Hydrosun Medizintechnik, Germany) and Hilotherm-
Calido 6 (Hilotherm GmbH, Germany) was sponsored by the Dr. med. h. c. Erwin Braun Foundation and by Hilotherm
GmbH, respectively.

Introduction

Individuals with spinal cord injury (SCI) display autonomic
dysfunction due to a damage within the spinal sympathetic
nervous pathways, this autonomic dysfunction is char-
acterized by the absence of or the occurrence of abnormal
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sympathetic skin response [1, 2] and by the changes in
biophysical skin properties, including skin perfusion and
temperature control [3].

Reduction in skin perfusion and lack of vasodilatory
responses after SCI is caused by a loss of sympathetic
innervation [4, 5], leading to a substantial decrease in
one’s capacity to respond to harmful stimuli and stress
factors, such as heat exposures. Impaired tissue perfusion
combined with a decrease in mobility and sensibility not
only play an essential role in the etiology of pressure
injury (PI) [6] but also affect wound healing. A high
overall complication rate was reported during PI recon-
struction with flap procedures in patients with SCI [7, 8].
Advanced stages of PIs in patients with SCI therefore
frequently lead to a long hospitalization with surgical
interventions, resulting in considerable health care costs
and often reduced quality of life [9].

Therefore, clinically easily applicable and cost-effective
strategies to avoid the effects of local microvascular dysfunc-
tion and ischemia are needed in order to prevent postoperative
complications. Harder et al. showed that local heat pre-
conditioning through warm water therapy (wWT) (Hilotherm-
Calido 6), a simple and non-invasive method of tissue pre-
conditioning, improved the skin-flap survival in a pig model
[10, 11]. They reported an increased induction of heat shock
proteins and a decrease in apoptosis. Also, thromboembolisa-
tion and subsequent microvascular perfusion failure was highly
reduced by heat preconditioning [12]. In another clinical study
involving patients undergoing skin-sparing mastectomy and
immediate breast reconstruction—also a procedure with a
relatively high complication rate due to ischemia—a 24%
decrease in mastectomy flap necrosis was observed when
preoperative local heat preconditioning was performed [13]. In
addition to wWT, a new technology for local heat application
involving water-filtered infrared therapy showed positive
effects on wound healing and immunological repair mechan-
ism, and this new technology does not involve skin contact
[14]. However, the application of this technology in the context
of flap surgery has never been examined.

Both methods have been used in a clinical setting in non-
paralyzed patients, either for preconditioning before a flap
procedure [13] or in wound healing after a laparotomy [15].
However, the effects of heat preconditioning on the skin of
individuals with paraplegia remain unknown, and adverse
effects due to the absence of sensitivity and due to auto-
nomic dysfunction may occur.

Therefore, this feasibility study aims to evaluate the
safety of local heat preconditioning in individuals with SCI,
to investigate the changes in skin physiology in the paral-
yzed and non-paralyzed areas of the body, and to assess its
effects on well-being, modulation of pain or spasticity. To
this end, we used two different heating methods in other-
wise healthy individuals with SCI.

Methods

Participants

This study included individuals presenting a complete sen-
sory and motor SCI (with a motor score of 50) as measured
by the international standard for neurological classification
for SCI and with a lesion level ranging from thoracic T2 to
T12. These patients had no control or sensation for bladder
and bowel functioning. They were recruited at the post-acute
phase (i.e., at least 12 weeks after SCI) or chronic phase (i.e.,
at least 12 months after SCI) of paralysis. Exclusion criteria
included age <18 and >65 years, body temperature (i.e.,
forehead temperature) >38.5 °C, presence of an acute infec-
tion, diabetes mellitus, stage III heart failure, stage III renal
insufficiency, presence of wounds or scars in the skin area to
be heated, and skin type V (light brown) or VI (brown) as
defined by Fitzpatrick [16].

Setting

The patients were recruited during a hospital stay at an acute
and rehabilitation center specialized in SCI. Due to orga-
nizational reasons, feasibility investigations had to be
operated in two phases. The first and second heating cycles
involving wIRA (Hydrosun® 750 irradiator) and wWT
(Hilotherm-Calido 6), respectively, were conducted in a
standardized examination room acclimatized to 24 °C.

Heat sources

Two different devices were used for the local heat appli-
cation. The first study group (wIRA group) was treated with
wIRA by using a Hydrosun® 750 Irradiator (Hydrosun
Medizintechnik, Germany). This device emits water-filtered
infrared-A radiation (spectral range: 760–1400 nm). It is a
non-contact heating method adjusted at 43 °C with a dis-
tance set at 50 cm from the skin surface.

The second study group (wWT group) was treated using
a Hilotherm-Calido 6 (Hilotherm GmbH, Germany). Heat-
ing was applied via moldable silicone cuffs, which were
applied directly on the skin. The temperature of the water
flowing through these cuffs was kept at 43 °C.

Subjective evaluation

Patients were asked to complete a questionnaire after the
intervention to evaluate their perception of change in general
well-being, pain, and spasticity based on a visual analog scale
(VAS) of 0–10. We defined 0 as “good” well-being or
“absence” of pain or spasticity and 10 as “bad” well-being or
“severe” pain and spasticity. There were no objective eva-
luation of pre-test spasticity in our study.
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Objective evaluation

An infrared camera (Thermovision A40, Orgelmeister Infra-
rot-Systeme, Germany) was used for the non-contact skin
temperature measurements. Measurements were obtained
continuously in the wIRA group. In the wWT group, a con-
tinuous measurement of skin temperature was impossible as
the local skin was covered with silicone cuffs during heat
application. Skin perfusion was assessed using laser Doppler
technology (PeriFlux System 5000, Perimed, Sweden) within
90 s, and skin redness was assessed with a Mexameter MX18
(Courage-Khazaka Electronic, Germany).

We measured blood pressure (Riva–Roci method), pulse
(manually), and body temperature (based on the forehead
skin temperature; Scaneo Thermometer, Sanowell, Ger-
many); these parameters are related to the responses of the
autonomic nervous system.

Clinical evaluations of adverse effects, such as blister
formation and any other signs of skin burns, were per-
formed at the end of the last heating cycle and 24 h later.
Skin color was documented through photographs. Redness
was assessed as either without redness or with slight or
intense redness.

Study protocol

After being acclimatized during 30 min at a constant room
temperature of 24 °C, the patients underwent three 30-min
cycles of local heat application simultaneously in their non-
paralyzed upper extremity and in their paralyzed lower
extremity. Each 30-min cycle of heat application was fol-
lowed by a 30-min resting phase to allow spontaneous
cooling of the treated areas (Fig. 1). No further methods to
initiate local cooling were applied.

During the acclimatization phase, both body sites to be
used for local heat application were marked. At baseline,
after the third cycle (T5) and in the morning on the next day
(D2), pulse, blood pressure, and body temperatures were
measured. Additionally, skin redness and blood perfusion

were measured in both heated areas at these times. Sub-
jective parameters were assessed before the intervention, at
the end of day 1 (T5) and on D2.

Statistics

The median and 95% confidence intervals were calculated
based on the data obtained from 10 individuals assigned to
each group. We performed an independent comparison of
interventions in the patients whether or not they received both
heating methods. The effect of group assignment (wWT/
wIRA) (between-effect), location (shoulder/thigh) (within-
effect), and time point (within-effect) on the skin parameters
were investigated using non-parametric (rank-based)
repeated-measures multivariate analysis of variance (Brunner
Model) based on marginal distribution effects [17]. We cal-
culated between-effects and within-effects, as well as inter-
actions by means of the marginal distributions. The Wilcoxon
ranked-sum test was used to investigate the differences
between the time points for the two locations and groups
(post-hoc testing). The Mann–Whitney U test was used to
investigate the differences between the groups at the specific
time points (post-hoc testing). Statistical analyses were per-
formed using the R software environment (version 3.4.0,
Copyright 2017, The R Foundation for Statistical Computing)
and the package “nparLD”. Furthermore, the SPSS software
(version 25, IBM, Somers, NY, USA) was used. A p-value of
≤0.05 was considered significant.

Results

Fifteen patients were included in this study. Ten participants
received the wIRA during the first measurement phase.
During the second phase, 10 participants received the wWT;
thus 10 data sets were obtained from each group. Five par-
ticipants received both heating methods. All included patients
have completed the intervention. Intervention with wIRA
took place between October 2016 and January 2017, whereas
wWT was applied between February and April in 2017.
Table 1 shows the patient characteristics.

Clinical examination for adverse effects

No adverse effects, such as blisters or other signs of burn
injuries or skin irritation, occurred during the entire
investigation in both locations and with the use of both
devices.

Well-being, pain, and spasticity

One patient in the wWT (VAS of 5) complained about pain
and increased spasticity during the experiment, and one

Fig. 1 Schematic time course of the experiment: intervention and
measurement. Time point 1 (T1), T2, T3, T4, T4, D2: course mea-
surement of perfusion and temperature in the affected skin.
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patient in the wIRA group (VAS of 5) complained about
decreased well-being. Nevertheless, the heat therapy was
overall well-tolerated, and the heating did not lead to sig-
nificant changes in well-being (Table 2).

Local skin temperature

Local skin temperature values are presented in Fig. 2 and
Table 3. The baseline temperature of the two groups did not
differ significantly (p= 0.14). After local heating and after
all heating cycles, skin temperature increased significantly
(p < 0.001) compared with the baseline in both groups.
Temperature at the upper extremity was significantly higher
(p ≤ 0.0003) in the wIRA group than in the wWT group
after each heating cycle. Temperature at the lower extremity
was significantly (p < 0.0001) higher in the wIRA group
than in the wWT group only after the second heating cycle.
At the lower extremity site, the temperature significantly
increased (p < 0.002) after the second heating cycle and
stabilized at the same level during the third heating cycle.

No significant difference (p= 0.80) in temperatures was
observed between the treatment sites within one individual
in the paralyzed lower extremity versus the non-paralyzed
upper extremity. Between heating cycles, the temperature
did not significantly differ (p > 0.05) from the baseline.

Perfusion

The heating method (p= 0.0008) and time point (p < 0.0001)
had a significant effect on skin perfusion. The location had
no significant (p= 0.83) effect. Local heating resulted in a
significant increase (p < 0.001) in skin perfusion comparing
to the baseline regardless of the heating method used
(Table 3, Fig. 3). After completing of the first heating cycle,
perfusion was significantly higher (p < 0.011) in the wIRA
group than in the wWT group. After the second and third
heating cycles, no significant differences in skin perfusion
were observed between the two groups (p= 0.089) and
between the upper and lower extremities sites (p= 0.50).

Redness

The heating method (p= 0.018) and location (p < 0.0001)
had a significant effect on redness. However, no significant
difference was localized between the upper and lower
extremities (p > 0.05), between the two groups (p > 0.08)
and the time points (p= 0.11) (Table 3, Fig. 4).

Table 1 Participant characteristics (sex, age, height, weight, body
mass index, smoking history, and lesion level).

Total wWT wIRA

Women/men 3/12 2/8 1/9

Total 15 10 10

Age in years 45
(29–48)

45
(23–62)

46
(27/56)

Height in cm 179.0
(176.0–183.0)

179.0
(172.0–188.0)

180.5
(168–188)

Weight in kg 70.5
(65.0–80.0)

71.5
(64.0–93.4)

70.0
(64.0–93.4)

BMI in kg/m2 22.2
(15.4–30)

23
(15.4–30)

22,6
(18.3–30)

Smoker 2 2 1

Ex-smoker 3 2 2

Thoracic
lesion level

7
(4–11)

7
(4–11)

6
(3–11)

Values are presented as median and 95% confidence interval

wWT warm water therapy, wIRA water-filtered infrared-A radiation
therapy, BMI body mass index

Table 2 Subjective parameters for well-being, pain and spasticity on a
visual scale of 0–10 at the end of water-filtered infrared-A (wIRA)
irradiation or warm water therapy (wWT).

Well-being (mean) Pain (mean) Spasticity (mean)

wIRA 4.1 (2.0–9.6) 0.8 (0–3.0) 0 (0–4.0)

wWT 1.35 (0.3–3.0) 0.8 (0–2.0) 0.8 (0.2–2.1)

Values are presented as median and 95% confidence interval

wWT warm water therapy, wIRA water-filtered infrared-A radiation
therapy

Fig. 2 Skin temperature (°C) measured at the thigh and upper arm
at baseline and at time points T1–T5 on the first day and at time
point D2 on the day after intervention with water-filtered infrared-
A radiation (wIRA) and warm water therapy (wWT). TWT thermal
warm water therapy, wIRA water-filtered infrared-A radiation therapy,
UE upper arm, LE thigh, *significantly different from the value
obtained before the heating cycle (Wilcoxon ranked-sum test p ≤ 0.05);
†significantly different from the wWT group (Mann–Whitney U test
p ≤ 0.004) (with 95% confidence interval).
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Body temperature, heart rate, and pulse

Heating did not result in any relevant changes in body
temperature, heart rate, or pulse rate during the entire
experiment (Table 3).

Discussion

Although wIRA is a safe treatment in wound healing
[15, 18, 19], its effect on paralyzed tissue or skin flaps and
on heat shock preconditioning remains unknown. Further-
more, the wWT methodology is relatively new with mini-
mal scientific data available. Therefore, this study primarily
aimed to investigate the feasibility of both methodologies
for local heat application in individuals with complete
paraplegia. In both treatment groups, no adverse effects,
such as burns, blisters, or any other signs of skin injury,
occurred. This finding was corroborated by the mexameter
assessment of skin redness, demonstrating the absence of
significant changes after local heat application. Subjective
evaluation of the two heating methods revealed a good
tolerance among the patients, with only a few patients
reporting an increase in pain (one patient) and spasticity
(one patient). Only one patient reported a decrease in well-
being during the procedure. Because we conducted only a
subjective evaluation of changes in spasticity directly afterTa
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Fig. 3 Skin perfusion in arbitrary units measured at the thigh and
upper arm at baseline and at time points T1–T5 on the first day
and at time point D2 on the day after intervention with water-
filtered infrared-A radiation (wIRA) and warm water therapy
(wWT). TWT thermal warm water therapy, wIRA water-filtered
infrared-A radiation therapy, UE upper arm, LE thigh, *significantly
different from the value obtained before the heating cycle (Wilcoxon
ranked-sum test p ≤ 0.05); †significantly different from the TWT group
(Mann–Whitney U test p ≤ 0.011) (with 95% confidence interval).
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treatment, these results are indicative and have to be inter-
preted with caution.

In the baseline perfusion examination, the values
obtained on the thigh [20.5 IU (11.9–33.5)] and shoulder
[19.1 IU (18.1–37.0)] were higher than those obtained over
the sacrum of healthy persons [17.1 IU (12.4; 21.5)] [20].
Moreover, higher values [27.7 IU (21.2; 40.2)] were
obtained in healthy people with SCI when measurements
were taken in the morning right after sleep [21]. In our
groups, the redness values on the shoulder [265.7 IU
(218.2–317.8)] and thigh [217.8 IU (133.2–304.6)] were
also higher than the values taken over the sacrum in healthy
persons [158.5 (126.3; 190.5)] and in individuals with SCI
[206.5 IU (182.1; 250.1)] [21].

Redness 595.5 IU [440.4; 631.6] and perfusion 263.0 IU
[104.1; 659.4] values over PI grade 1 in individuals with
SCI were higher than the values obtained after performing
both heating interventions [redness 278.8 IU (233.0–371.8)
for shoulder and thigh 206.8 (138.0–323.4) and perfusion
for shoulder 128.0 IU (101.9–174.7) and thigh 137.7 IU
(84.1–250.9)]. The measurements obtained using the dif-
ferent examination techniques greatly varied due to indivi-
dual skin reaction or due to measurement uncertainty [20].

Expectedly, the temperature increased significantly after
local heating of the skin in both the wIRA and wWT groups.
With wIRA, significantly higher temperatures were obtained
mainly in the upper extremity than in the lower extremity.
Body temperature did not change when the two zones were
heated. One possible reason for this slight difference in

temperature rise between the wIRA and wWT treatments is
the fact that two direct heating sources were used in the
wIRA group, whereas one device with two long connecting
tubing was used in the wWT group. The surface of the cuffs
and the length of the connecting tubing might have caused
some energy loss; also, the device may not have heated the
skin homogenously. Furthermore, the application of the
wIRA as a non-contact intervention revealed some practical
advantages with regard to the ease of heat application and
patient-burden without forfeits in heating effects.

The effect of the impaired autonomic nervous system on
changes in perfusion after local heating is attributed to
various reasons. Nicotra observed a reduced reaction to
heating in the paraplegic foot area compared with controls
after heating [22]. In our study, we observed an increase in
local skin perfusion by the same extent in the sensitive and
paralyzed areas. The variability in participants with higher
SCI lesion levels is in line with previous findings about
differences in sympathetic skin response [23]. However,
heating mediated vasodilation and increased blood flow in
both areas, as measured by the laser Doppler flowmeter
Perfusion is regulated by the sympathetic nervous system, as
well as by the monosynaptic and complex polysynaptic
reflexes [24]. The autonomic dysfunction seemed to have
less effect on skin perfusion than the local heat application
itself, which may have a direct physical effect on the vas-
cular wall and local physiological changes. Our results
indicate probably a reduced resistance to external stimuli as
demonstrated by Krassioukov [25]. Alternatively, these
results indicate that the local heat stimuli overlap with the
influence of the autonomic nervous system and might affect
the efficacy of the heating methodology applied. As for
temperature, the effect of wIRA on perfusion was also
slightly greater than that of wWT, although both methods
significantly increased blood perfusion.

Although skin physiology in the paralyzed area is sup-
posedly different in terms of biomechanical properties
[26, 27], autonomic functions [28] and thermoregulation
[29, 30], no significant temperature differences between the
affected and the unaffected areas were detected at any time
of the intervention. Since both methods were well-tolerated,
it is possible that local heating did not trigger any physio-
logic response controlling local temperature; and thus, no
differences between the paralyzed and the non-paralyzed
areas could be observed. Furthermore, it is possible that
local blood perfusion was maximally increased by the
heating or that direct vascular reactions to the stimulation
are not mediated by any mechanisms affected by the SCI.

In previous pre-clinical and clinical models of heat pre-
conditioning, local heat was applied ~24 h before an
ischemic challenge, such as a flap surgery [10, 11, 31].
Initially, this interval was chosen to allow sufficient time for
the upregulation of physiological pathways to facilitate

Fig. 4 Skin redness in arbitrary units at the thigh and upper arm
at baseline and at time points T1–T5 on the first day and at time
point D2 on the day after the intervention with water-filtered
infrared-A radiation (wIRA) and warm water therapy (wWT).
TWT thermal warm water therapy, wIRA water-filtered infrared-A
radiation therapy, UE upper arm, LE thigh. The error bars refer to
median and 95% confidence intervals.
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response to external heat applications. However, whether
the beneficial effect of local heat shock preconditioning is
linked to the prevention of microcirculatory failure or to the
induction of tolerance to ischemia remains unknown [31].
In these previous experiments, perfusion before the induc-
tion of ischemia did not increase, and perfusion values also
returned to the baseline after the preconditioning and before
the ischemia/flap surgery. Whether heat shock proteins are
upregulated or whether another repair mechanism was
activated to reduce the occurrence of wound healing com-
plications after flap surgery remains unclear and should be
examined in further clinical studies.

Limitations

This study is the first to evaluate the safety of and the
physiological responses to two established heat shock pre-
conditioning methods which have never been used in indi-
viduals with SCI. As a pilot study and given the small
number of participants, caution must be exercised when
interpreting the conclusion and when making general-
izations. Especially, the subjective evaluation of the methods
might be biased due to the lack of blinding to the application
methods. Furthermore, subjective feedback was obtained for
perceived changes in well-being, pain, and spasticity after
the intervention rather than asking for the actual condition
before and after the test. Because our primary outcome was
safety and physiological response of the skin, the bias was
judged as not relevant. Due to the moderate reliability of the
measurement methods for perfusion and redness, the quality
of the measured data remains limited.

Five individuals received both heat treatments and ten
individuals received either wWT or wIRA treatment (n= 5).
Thus, 10 data sets for each heat treatment were obtained. It
was impossible to fully respect the within-effects and
between-effects in the multifactorial repeated measures ana-
lysis of variance used. The factor heat treatment was ana-
lyzed as between-effect, even though this was not the case in
half of the data sets. This approach increased the type II error
probability. However, this work is a feasibility study, which
did not aim to achieve maximum statistical power.

Conclusion

The result of this pilot study on the safety of heat applica-
tion in a paralyzed area after SCI demonstrated that heat
application was well-tolerated in the participants with
complete paraplegia and that the heat application did not
cause any adverse effects or complications, such as burn
injuries. Local temperature and perfusion significantly
increased after heating with wIRA or with wWT. Whether
heat shock preconditioning can be used to decrease the

complication rate of reconstructive surgical procedures in
individuals with SCI and which methodology reaches
higher treatment efficacy remains to be determined.

Data archiving

The data analyzed during this study are available from the
corresponding author on reasonable request.
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