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ABSTRACT

The importance of temperature in the wound-healing process is rapidly being recognised as a novel way in which
to manipulate the wound-healing environment. In this study, we aimed to investigate the direct effect of topical
radiant heating (TRH), using a novel bandaging system (Warm-UpTM, Arizant Healthcare Inc., Eden Prairie MN,
USA; Augustine Medical, USA), on wound healing at a physiological and cellular level. Experimental bandages
were positioned over split-thickness skin graft donor site wounds of 12 patients undergoing graft harvesting from
the anterior thigh. The experimental group (n=6) underwent intermittent heating for 5 hours (three 1-hour
heating cycles at 38°C, separated by two 1-hour rest periods), whilst the control group (n=6) received no radiant
heating. Physiological blood-flow recordings both in the control group and the topical radiant heat cohort were
undertaken using Laser Doppler Imaging (LDI). Skin biopsies were obtained at identical time points, and
immunohistochemical analysis was undertaken using antibodies against neutrophils (NP57), lymphocytes (CD3)
and macrophages (CD68). We found that TRH significantly increased local dermal blood flow (P< 0-001) by up to
100% in both injured and intact skin. Furthermore, this increase in flow was associated with a significant
(P<0-05) increase in CD3 immunoreactivity on day 1 postoperatively. This study demonstrates that TRH
increases local blood flow and lymphocyte (CD3) extravasation, and we postulate that these changes may
enhance local innate immunity within the healing wound environment.
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important in the process of wound healing, mechanism of this phenomenon is still unclear,

two factors have been implicated. Primarily, at

Clinical studies have shown that peri-operative H
P P a purely chemical level, the effect of heat on Key Points
accelerating chemical reactions is well known e role of temperature may be
Authors: AA Khan, Department of Sugery, John Radcliffe 25 Van't Hoff’'s Law and it has been shown, important in the process of

Hospital, Oxford, UK; PE Banwell, Department of Plastic ~ in vitro, that hyperthermia increases poly- wound hea.llng

Surgery, Raddliffe Infirmary, Oxford, UK; MC Bakker, PG morph chemotaxis and phagocytosis, as well hypothermlg has been shown
Gillespie, DA McGrouther, AHN Roberts, Stoke Mandeville to be detrimental to wound
Plastic Surgery & Burns Research Trust, Aylesbury, UK healing

Address for correspondence: PE Banwell, Department of ~ INoOre physiological level, it has been shown several mechanisms postu-

Plastic Surgery, Radcliffe Infirmary, Woodstock Road, Oxford, UK that heating of acute wounds may increase lated including simple heat
E-mail: paul@paulbanwell.co.uk

as fibroblast proliferation (2). Secondly, at a

acceleration of normal chemical
*Presented at the European Tissue Repair Society, Annual local, dermal blood flow (3).and conseq.uent}y 10CEsSEs
Meeting, Amsterdam, September 2003. subcutaneous oxygen tensions resulting in P

© Blackwell Publishing Ltd and Medicalhelplines.com Inc 2004 e International Wound Journal e Vol 1 No 4 233



Key Points

heating may increase local blood
flow

this study investigates effect of
direct topical radiant heat (TRH)
the research considers clinical,
physiological and cellular effects
TRH applied to ventral thigh in
both injured and intact skin
models

heat is delivered at 38°C and is
temperature controlled

dermal blood flow was assessed
using Laser Doppler

Effect of topical radiant heating on local blood flow

increased oxygen-dependent nitroso free radi-
cal-mediated microbial killing. Hypothermia
resulting in decreased oxygen delivery to areas
of wound healing has been shown to predispose
to wound infections in animals (4,5).

In addition to impaired local immunity, it is
also thought that wound hypoxia during the
process of healing may compromise wound
structure and integrity leading to poor
wound strength, independent of wound infec-
tion. Tensile strength in wounds is dependent
on collagen cross-linkage, a process catalysed
by enzymes that are oxygen-dependent (6-8)
and so are also critically dependent on local
blood flow.

In this study, we aimed to investigate the
direct effect of topical radiant heating (TRH)
on wound healing at three different levels:
clinical, physiological and cellular. The heat-
ing of wounds was achieved with the use of a
novel bandage that incorporates a thermo-
statically controlled, radiant heater (Warm-Up®,
Arizant Healthcare Inc, Eden Prairie MN
USA; Augustine Medical, USA). Physiological
blood-flow recordings both in the control
group and the local radiant heat cohort
were undertaken using Laser Doppler Ima-
ging (LDI). In addition, we studied the effect
of TRH on inflammatory cell extravasation
as evidenced by histological analysis of
wound biopsy specimens.

PATIENTS AND EXPERIMENTS

Wound dressings

Topical radiant heat was applied to the skin of
the ventral thigh using a novel therapeutic
dressing (Warm Up'™; Augustine Medical)
(Figure1) in both intact and injured skin
models. This non contact dressing holds a warm-
ing card that delivers radiant heat at 38°C. The
warming card is controlled by a temperature
control unit, which can be operated from
either an alternating current outlet or with a
rechargeable battery pack. The dressing
creates a humid environment, which is also
known to increase the rate of reepithelialisa-
tion and collagen synthesis (9,10). The dress-
ing was applied on to the donor site wound
in theatre. For the purposes of gaining access
to the area being warmed, a window was
made in the dressing enabling scanning of
the area without removal the dressing.
Between scans, the window was re-sealed.

Figure 1. The topical radiant heating (TRH) dressing.

The dressing was replaced every 1-2 days.
Dressings were removed on discharge and
replaced by bactigras dressings.

Laser Doppler Imaging and dermal
microvascular blood flow studies

Laser Doppler Imaging (LDI) was used to
scan the ventral thigh before, during and
after the application of TRH. The scan area
was fixed by the boundaries of the TRH dres-
sing and scanning was carried out with a
fixed distance of 72cm between LDI probe
and skin by a single operator.

Study 1 - uninjured skin

To assess the effect of TRH on uninjured skin,
dressings were applied to both thighs of
healthy volunteers (n=20). According to an
established protocol, the right thigh was
heated for 3 hours in total, in an intermittent
fashion (three 1-hour cycles of heating inter-
spersed with 2 hours of no heating). The non
heated left thigh was used as a control. Blood
flow in both thighs was measured before the
commencement of TRH and at hourly inter-
vals thereafter. Biopsies were not harvested
from this study group and Aylesbury Vale
Local Research Ethics Committee gave
approval for the two studies.

Study 2 - injured skin

To assess the effect of TRH on acute wounds,
an experimental protocol was constructed such
that patients who were already undergoing
partial thickness skin grafting for a skin defect
were invited to take part in the study. Written
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consent was obtained from all those who
volunteered, and prior approval from the
Aylesbury Vale Local Research Ethics Commit-
tee had already been obtained. In total, 12
patients were recruited into the study, six of
whom were allocated to the experimental arm
of the trial whilst the remainder acted as nega-
tive controls. All grafts were of medium thick-
ness and harvested by the same surgeon from
the right or left ventral thigh. The dressings
were applied to the donor site wounds in
theatre (n=6), and heating was commenced
within 3 hours into the postoperative period.
The heating regimen used was identical to that
used in study 1. In the control cohort (1 =6),
identical wound dressings were applied with
the omission of TRH card. Blood flow mea-
surements were carried out at those time
points already described in study 1.

Immunocytochemistry

Full-thickness skin biopsies of the donor site
were harvested in the immediate post-
operative period, before the dressing was
applied and at 24 and 48 hours after the
dressing had been in place. Tissue biopsies
were obtained under general anaesthetic, if
indicated for surgery, or under local anaes-
thetic using 2% lignocaine with adrenaline
1:200000. Full-thickness biopsies were har-
vested using a sharp punch (4mm diameter;
Stiefel Laboratories Ltd, Sligo, Ireland), and
primary closure was achieved with inter-
rupted Prolene 4/0 (Ethicon, Edinburgh, UK)

sutures. Specimens were immediately placed
in formalin for preservation. Sections of the
specimen embedded in paraffin were cut at
4-pm thickness using a Leitz (Rankin Biomed,
Clarkson MI, USA) microtome and mounted
on to vectabond-coated glass slides. An
immunocytochemical  staining  protocol
employing the Streptavidin-Biotin (Dakocyto-
mation Ltd, Ely, UK) system was used for the
identification of leucocyte cell markers. Anti-
bodies to neutrophils (NP57), T-lymphocytes
(CD3) and monocytes and macrophages
(CD68) were used to identify cells, all
obtained from Dako, Bucks, UK.

The levels of NP57, CD68 and CD3
immunoreactivity was quantified in sections
by manual cell counts by a single observer
examining 40 random high-power fields (x40
objective) per biopsy. Control tissue was
obtained of donor site wounds dressed with
opsite dressing. Samples were matched for
age, gender and wound depth.

Measurements and statistical analysis

Dermal microvascular blood flow was
expressed as mean perfusion units as described
by other authors (11). Further analysis was
performed and data was expressed as percen-
tage change of blood flow from baseline.
Statistical analysis was performed on LDI
values using the Student’s t-test for unpaired
samples to compare mean values and the
paired f-test for comparing changes within
groups. P<0-05 was considered significant.

Figure 2. (a) CD3 Immunoreactivity prior to the application of TRH (x100 and x400 (inset)). (b) CD3 immunoreactivity after the
application of three 1-hour cycles of TRH (x100 and x400 (inset)).
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o Laser Doppler was used before,
during and after application of
TRH to determine changes in
dermal blood flow

e the study was performed in two
parts looking at both uninjured
and injured skin

e immunocytochemistry was used
to analyse full thickness skin
biopsies
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e Laser Doppler data were ana-
lysed statistically

e the application of intermittent
TRH on to intact skin resulted in
significant increases in dermal
blood flow by 83%

e TRH also resulted in significant
increases in dermal blood flow

e comparison of uninjured versus
injured groups showed no sta-
tistical significance

Effect of topical radiant heating on local blood flow

RESULTS

Study 1 - normal skin

The application of intermittent TRH on to
intact skin resulted in significant increases in
dermal microvascular blood flow (Table1 and
Figure 3a). During the first two heating cycles,
blood flow as measured by LDI increased
by 83% (P<0-001) and 103% (P <0-001),
respectively.

Table 1 Effect of TRH on local blood flow in uninjured skin

Study 2 - injured skin

The application of TRH on to injured skin
resulted in significant increases in dermal
blood flow (Table2 and Figure3b). Once
again blood flow was seen to increase by
97% (P<0-001).

Comparison of blood flow in unheated
intact skin and unheated injured skin showed
no significant difference (P> 0-05; Figure4a).
Comparison of blood flow in intact and

Blood flow/mean perfusion units

Time/hour Controls Experimental % change P-value
0 84-3 (73-6-94-8) 85-5 (71-7-99-3) 1-5
1 97-4 (84-3-110-5) 178-0 (156-0-200-0) 830 <0-001
2 96-9 (81-5-112-3) 109-3 (98-2-120-3) 12-7
3 927 (78-5-107-0) 187-9 (157-7-219-1) 103 <0-001
4 102-0 (86-5-117-5) 111-9 (92-0-131-5) 9-6
5 102-3 (83-9-120-8) 161-4 (140-4-182-4) 57-8 <0-001
6 85-9 (74.4-97-4) 87.7 (77-5-97-9) 2-1
Values in brackets indicate 95% confidence intervals.
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Figure 3. (a) The effect of TRH on blood flow in uninjured skin. (b) The effect of TRH on blood flow in injured skin. (Black bars

represent periods during which TRH was applied)

Table 2 Effect of TRH on local blood flow in injured skin

Blood flow/mean perfusion units

Time/hour Controls Experimental % change P-value
0 87-9 (69-9-105-9) 86-1 (65-2-107-0) —2-09
1 104-4 (79-0-129:9) 182-0 (147-5-216-4) 74.3 <0-001
2 108.5 (73-5-143.5) 115:3 (93-7-136:9) 6-30
3 102-8 (71-4-134-2) 203-3 (144-7-261-9) 97-8 <0-001
4 115-7 (76-8-154-6) 118-9 (84-9-152-8) 2.77
5 120-2 (71-1-169-2) 191-2 (116-6-266-0) 59:2 <0-001
6 94-0 (68-7-119-4) 91-2 (73-9-108-4) —3.07

Values in brackets indicate 95% confidence intervals.
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Figure 4. (a) The effect of dermal injury on local blood flow in unheated skin. (b) The effect of dermal injury on local blood flow in
heated skin. (Black bars represent periods during which TRH was applied)

injured skin following TRH showed no signif-
icant difference (P> 0-05; Figure 4b).

Immunohistochemical analysis

CD68 and NP57

Cell counts for CD68 and NP57 showed no
temporal variation in immunoreactivity and
no difference between heated and non heated
cohorts postoperatively.

CD3

Analysis of T-lymphocyte activity in both
heated and unheated samples revealed an
increase of CD3-positive immunoreactivity
(Figures 2 and 5) in samples that had undergone
heating (P <0-05), as compared with controls,
on postoperative day 1. This relationship was
not found to persist after postoperative day 1.

DISCUSSION

Wound healing relies on the presence of a
local wound milieu that can support and facil-
itate tissue regeneration. Whilst some factors
involved in wound healing, such as infection,
are well recognised (12) to be detrimental to
the quality of healing, others, such as tem-
perature, have been late in being acknow-
ledged as being influential in the process at
all. It is only relatively recently that the role of

%

[ mn

temperature has been investigated. There is
now a growing body of evidence to suggest
that temperature could significantly affect
wound and patient outcomes (13). Peri-opera-
tive hypothermia has been shown to be
associated with increased rates of wound
infections, blood transfusion and prolonged
hospital inpatient stay (1). Studies (1,18) that
have investigated the effect of peri-operative
normothermia have shown that those patients
who are actively warmed during surgery are
less at risk of developing postoperative infec-
tions and are discharged earlier. Similarly, in
urological patients undergoing surgery such
as transurethral resection of prostate, it has
been shown that peri-operative hypothermia
is associated with adverse haemodynamic
consequences postoperatively (14). Such evi-
dence regarding the role of temperature on
postoperative outcomes has been the impetus
behind the now routine clinical use of extra-
corporeal warming during surgery, for exam-
ple, the Bair® (Arizant Healthcare Inc., Eden
Prairie MN, USA) Hugger heated blanket and
warmed solutions during transurethral pro-
static surgery (15,16).

In comparison, the majority of studies
on local wound warming have focused
primarily on physiological parameters, such
as blood flow, local oxygen tensions and
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Figure 5. Temporal changes in CD3 immunoreactivity in skin biopsies from split-thickness skin graft donor sites.
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T-lymphocyte activity in both
heated and non-heated samples
revealed increased reactivity in
the heated group versus the
control, albeit short lived

effect of temperature on wounds
has only recently been investi-
gated significantly

patients who are actively warmed
during surgery are generally dis-
charged earlier

such evidence has led to the
routine use of warming devices
during surgery
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e it is known that TRH impacts
local blood flow and also local
oxygen tension

e this study has shown an in-
creased dermal blood flow in
both normal and injured skin.
Study results show this is not
an artifact of skin injury

e also shown in this study was a
transient increase in lymphocyte
(D3 antigen immunoreactivity

e Laser Doppler has been shown
to be effective in the measure-
ment of local blood flow
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immunohistochemical analysis of wound col-
lagen deposition. It is known that TRH of
wounds is associated with an increase in esti-
mated local blood flow (as measured by Fick’s
principle) and local tissue oxygen tensions (3).
Although it has been shown that increased
local oxygen tensions are associated with
increased collagen deposition (7,8), no direct
relationship between TRH and collagen
deposition has been proven (17). In clinical
studies comparing postoperative outcomes in
normothermic and hypothermic patients,
those patients receiving either systemic or
local wound heating were at less risk of devel-
oping postoperative wound infections (18).
Analysis of outcomes between the two heating
regimens (that is, local or systemic) showed
no overall benefit of one paradigm over the
other; however, it was suggested that local
heating was associated with a lower incidence
of wound infection, although this difference
was not found to reach statistical significance.

Our study differed from previous studies
on the effect of TRH on wound healing
because dermal microvascular blood flow
was measured directly using the Laser
Doppler Imager (LDI, Moor Instruments Ltd,
UK; helium-neon laser, wavelength 632.8 nm).
Laser Doppler technology is based on the
phase shift of reflected light as it encounters
moving particles (mainly erythrocytes) and
non moving components of a limited tissue
volume. After signal-processing data are
stored and a perfusion image is generated
using a laptop (Dell Latitude Cpi D266XT).
The perfusion image is colour-coded in a
scale ranging from dark blue to red, reflecting
increasing blood flow. The use of LDI in skin
blood flow measurement was first reported in
burns patient (19) and since then its validity
as a research tool has been well documented
and investigated (20). The use of LDI in the
measurement of blood flow in normal and
pathological skin follows on from the use of
Laser Doppler Flowmetry (LDF). However
unlike LDF, laser doppler imaging represents
a non contact technology that is able to rapidly
measure perfusion within a scan area as
opposed to a single scan point (20).

In this study, we aimed to show that TRH of
wounds is associated with an increase in local
blood flow, as shown by LDI. We have
demonstrated that TRH of the skin increase
dermal microvascular blood flow in both

normal and injured skin. Our results also show
that this increase in local flow is not simply an
artefact of skin injury (Figure4a) nor is the
response to heating augmented in injured skin
(Figure 4b). Furthermore, we have also shown
that this response is associated with a transient
increase in lymphocyte CD3 antigen immunor-
eactivity (Figure 5).

There is little known about the effect of
heat on blood flow in acute wounds. Methods
for the study of blood flow generally employ
the measurement of either the physical move-
ment of blood as in LDF or the oxygen content
which is correlated with tissue perfusion.
Laser Doppler technology has been well
described for the measurement of dermal
blood flow. The development of LDI has
enabled rapid non contact measurement of
dermal blood flow over larger anatomical
areas (21-24). It has already proven to be of
diagnostic value in the determination of the
depth of burns (25,26). In a recent study, Ikeda
etal. estimated the response of blood flow
to heating by measuring the subcutaneous
oxygen tension as a correlate of tissue
perfusion. They reported an increase in sub-
cutaneous oxygen tensions of approximately
50% when wounds were heated at a tempera-
ture of 38°C over 2 hours. This study reports a
similar increase in blood flow using LDI
However, whereas subcutaneous oxygen
tension remained elevated for up to 3 hours,
blood flow subsided to levels just higher than
baseline within an hour after the cessation
of TRH.

At a cellular level, the role of TRH on
immune cell activation and extravasation has
not previously been described. We found that
wounds receiving TRH displayed a 195%
increase in CD3-positive lymphocytes after
24 hours compared to non heated wounds.
Although a formal explanation of the mechan-
ism behind this phenomenon is beyond the
scope of this study, these findings support
previous studies that suggest that the pre-
sence of pyrexia increases the ability of organ-
isms to mount an immune response (27). In
particular, it is known that the presence of
fever is associated with an increase in inter-
leukin secretion and production of nitric oxide
and reactive oxygen intermediates, the bio-
chemical tools of the cell-mediated immune
response. Furthermore, the presence of higher
temperatures is associated with increased
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expression of heat shock proteins in lympho-
cytes only, which are immuno-protective
against the stressful conditions of the immune
repsonse itself (28). The authors of these two
studies argue for an augmentative effect of
temperature on innate immunity, and on the
basis of the findings presented in this article,
we propose that TRH has an augmentative
and catalytic effect on local innate immunity.

Previous histological studies (29) investigat-
ing the role of immune cell traffic in the skin
of burns victims has shown that deep dermal
burns, that is those associated with destruc-
tion of the superficial venous plexus, are asso-
ciated with a predominantly neutrophil-rich
immune cell infiltrate. In comparison, more
superficial burns, where the superficial
venous plexus is left intact, is associated with
a lymphocyte-predominant infiltrate. The
study also found that progressive neutrophil-
mediated injury, as a result of chaotic nitroso-
free radical and cytokine release, was only seen
in deeper burns where there was no lympho-
cytic infiltrate, implying that the presence
of lymphocytes in the acute inflammatory
environment may exert a regulating influence
over neutrophil activity. Our findings show
the presence of an early lymphocytic infiltrate
in acute wounds receving TRH, and we pos-
tulate that this may result in a better prognosis
for wound healing.

In summary, we have demonstrated that
TRH at 38°C increases dermal microvascular
blood flow in normal skin and injured skin.
These increases in flow are associated with
preferential lymphocytic infiltrate into the
local environment. However, further work is
needed to characterise precisely the role of
temperature on immune cell activation and
function in such situations.

Further research is also required into the
clinical efficacy of TRH in preventing and
dealing with already established wound
infections. Nonetheless topical radiant heating
of wounds represents a novel method of
manipulating the local environment of the
healing wound.
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