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Abstract: Skin permeability and local blood perfusion are important factors for transdermal drug delivery. Application
of heat is expected to enhance microcirculation and local perfusion and/or blood vessel permeability, thus facilitating
drug transfer to the systemic circulation. In addition, heating prior to or during topical application of a drug may facili-
tate skin penetration, increase kinetic energy, and facilitate drug absorption. The aim of the present study was to
investigate skin vasomotor responses to mild heat generated by a controlled heat device on several body regions of
healthy male and female subjects. Skin vasomotor responses in different body regions were recorded following differ-
ent heat application paradigms (38, 41 and 43 °C, each for 15, 30, 60 sec). Test regions were forehead, forearm,
dorsal hand, dorsal foot, and abdomen. Prior to and following the application of heat, local blood perfusion and skin
temperature were measured by means of laser Doppler imaging (LDI) and thermography, respectively. It was found
that a short-lasting heat application (43 °C for 60 sec) causes significant cutaneous hyperaemia (up to 2 folds in-
crease in skin perfusion, and 5 °C increase in skin temperature) existing for up to 15 minutes. The site of application
and sex did not influence the responses. The method was well tolerated without causing any pain or discomfort.
These data suggest that controlled heat application is a simple, non-invasive method to significantly enhance local
perfusion which may improve transcutaneous drug delivery.
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trix, and the area of skin covered by the patch
[3].

Introduction

Delivery of drugs through the skin provides im-

portant advantages compared with oral and
intravenous delivery routes. Transdermally deliv-
ered drugs avoid the risk and inconvenience of
intravenous administration, bypass the liver first
pass elimination, usually reduce chance of an
overdose or underdose, allow easy termination,
and permit both local and systemic effects [1,
2]. However, one should consider that transder-
mal absorption occurs through a slow process
of diffusion driven by the gradient between the
high concentration in the delivery system (e.g. a
patch) and the zero concentration in the skin.
Therefore, the delivery system must be kept in
continuous contact with the skin for a consider-
able time (e.g. hours to days). The rate and
amount of transdermal absorption depend on
several factors, including the nature of the drug,
the drug’s concentration in the reservoir or ma-

Despite widespread interest in transdermal de-
livery, the mechanism underlying the transder-
mal absorption and kinetic factors that can in-
fluence the rate and amount of absorption is
only partly understood [4, 5]. Absorption of
drugs from cutaneous tissue depends on sev-
eral factors, such as the quantity and composi-
tion of the tissue, capillary density, vascular
permeability, and the rate of vascular perfusion
[5, 6]. Studies have demonstrated that clear-
ance of small diffusible molecules from dermis,
particularly the upper dermis, is highly depend-
ent on the local blood flow [7]. Hence, it is feasi-
ble to influence the absorption of drugs by ap-
plying local heat, which potentially can influence
the above mentioned factors [8-11]. Several
studies have demonstrated that absorption rate
of transdermal and subcutaneous drugs are
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enhanced during heat exposure [12, 13]. Meas-
urements have shown that not only the absorp-
tion rate, but also the total amount of drug ab-
sorbed and the plasma drug concentration af-
terwards are increased [11, 14]. Most likely,
longer lasting heat can increase skin permeabil-
ity, blood vessel permeability and also rate-
limiting membrane permeability [8]. In addition,
heat accelerates skin blood perfusion. This
mechanism affects both drug passages through
the skin and diffusion from cutaneous and sub-
cutaneous tissue into the systemic circulation
[8, 11]. The vasodilatory effect seen following
application of local heat is extensive, and can
potentially cause full local vasodilation. This
response is mediated through a variety of
mechanisms including neural and local mecha-
nisms [9, 10]. Skin vasomotor responses in re-
sponse to heat reflect in elevated local blood
perfusion and skin temperature which have
been measured with techniques such as Dop-
pler probes for blood flow measurements and
Infrared thermometry and telethermography for
temperature measurements.

The differential responses of either sex or body
regions to innocuous heat may result from dif-
ferences in epidermal thickness, the innervation
density of afferent fibers and microvascular
network [15]. This may lead to variation of drug
absorption via transcutaneous route. Hence, the
aim of the present study was to apply local con-
trolled heat on healthy human’s skin in different
regions of the body and to measure the subse-
quent vasomotor changes in females and
males. This study utilized different local heating
protocols (temperature/time), with a heat level
below the usual heat pain threshold in adults
[16].

Materials and methods
Subjects and study design

Twenty eight healthy volunteers (14 females, 14
males, 20-30 years) were recruited for this
study through on-campus advertisements at
Aalborg University, Denmark. Initial screening
involved recording of demographic information
and a review of medical history. The use of alco-
hol and caffeine, cold and hot drinks as well as
smoking were prohibited. No subject had a past
or present history of current systemic or skin
diseases and none were taking any medication.
Application of topical creams, lotions or cosmet-
ics on the test sites was not allowed. Written
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informed consent was obtained from all partici-
pants prior to the study. The study protocol was
approved by the local ethics committee
(Counties of Nordjylland and Viborg, Denmark;
case no. VN2005/62). The study was con-
ducted in accordance with the Declaration of
Helsinki and was performed at the research
laboratories of Aalborg University, Denmark.

The study was designed in a way that the sub-
jects were blinded to the selected temperature
and duration of heat application. The site of the
application was chosen in random. The subject
relaxed on a comfortable bed at a supine posi-
tion and exposed the test sites. There was a
random rotation of the heat application with an
adequate time interval between single heat ap-
plications. The measurement techniques for
recording vasomotor changes were objective
(laser Doppler scanning and thermography). All
experiments were done in a quiet room with a
constant temperature (23-24 °C). Subjects were
asked to keep their eyes closed while wearing
special goggles during laser scanning.

Body regions

Test regions were forehead, forearm, dorsal
hand, dorsal foot, and abdomen. Both left and
right sites were tested.

Heat application

The Medoc PATHWAY Pain & Sensory Evaluation
System (Medoc Ltd. Advanced Medical Systems,
Ramat Yishai, Israel) was used for controlled
local heat application. The specific stimulation
parameters were adjusted using the PATHWAY
software (v. 4.4). The stimulation program was
manually configured before initiation of the ex-
periments. The applied parameters are summa-
rized in Table 1. A 3.0 x 3.0 cm ATS thermode
was utilized. The contact probe was attached to
the skin by means of an elastic Velcro band.

Tablel. Heat stimulation program
configuration

ltem Specification
Probe Type ATS

Program Type Ramp and Hold
Baseline (°C) 32

Trigger Configuration Manual
Destination Temperature (°C) 43

Destination Rate (°C/sec) 2

Return Rate (°C/sec) 1
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Mild heat (38, 41, 43 °C) was delivered for short
periods of time (15, 30, 60 sec). For repeated
application, a similar paradigm was delivered
every 5 min for 15 min followed by a gap of 15
minutes before the last stimulation. Baseline
temperature of the thermode was adjusted to
32 °C and the heating rate toward the destina-
tion temperature was set to 2 °C/sec, to prevent
a sensation of burning [17].

Laser Doppler Imaging (LDI)

Local skin perfusion was monitored using Laser
Doppler Imaging (LDI). LDl is based on the Dop-
pler principle, which is the shift in frequency of
waves caused by movement of the reflecting
object relative to the observer [18, 19]. This
principle allows assessment of the movement of
red blood cells in the most superficial skin lay-
ers (1-1.5 mm) [20, 21]. LDI generates a result
in arbitrary units, whereby LDI can assess the
blood flow in a certain area at a certain time
point. The generated result reflects the blood
flow at a proportional rate, allowing relative
comparisons, for example changes in blood flow
induced by local heating relative to a baseline or
control measurement [9, 18].

Scanning was performed using a Moor Laser
Doppler Imager (Moor Instruments, Devon,
United Kingdom). In this study the scanner
setup was adjusted using the parameters listed
in Table 2.

Table 2. Configuration for LDI Scanning
Parameters

ltem Specification
Bandwidth (kHz) 0.25 - 15
Resolution (px) 116 x 70
Scan Area (cm x cm) 6.0x6.0

Scan Speed (ms/pixel) 4
Scan Distance (cm) 30

The scanning area, called the region of interest
(ROI), was defined as a 6.0 x 6.0 cm area, which
allowed a safety margin around the 3.0 x 3.0
cm thermode, when applied in the center of the
6.0 x 6.0 cm area. The laser scanner was ad-
justed and calibrated to scan the ROIl. Before
and following every heat application, a laser
scanning was performed. Laser scans were
stored on computer's hard disk for off-line
analysis of the profile and local changes of skin
perfusion (moor LDI software (v. 5.3).
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Thermography

Measurements of skin temperature were taken
by means of thermography camera (FLIR Ther-
moVision A40 M thermo camera, Sweden) at a
distance of 50 cm from the tissue surface. The
temperature resolution of the device was 0.08
°C. Thermographic images were stored on com-
puter’s hard disk for off-line analysis of the pro-
file and local changes of average skin tempera-
ture within the area of the thermode (3.0 x 3.0
cm) (ThermaCAMTM Researcher Pro 2.8 SR-1).
Before and following every heat application,
thermo pictures were taken.

Safety

Any report for pain, irritation or discomfort was
recorded in a safety profile sheet of the sub-
jects.

Statistical analysis

All values in text and figures are presented as
mean and standard errors of the mean
(Mean+SEM). Data were analyzed with ANOVA
for factors of temperature, time, body region
and sex. Holm-Sidak Test was used as post hoc
test where appropriate. The statistical evalua-
tion was made by means of the SigmaPlot ver-
sion 11.0 (SPSS Inc., Chicago, US). P<0.05 was
considered as significant.

Results
Vasodilatory response to local controlled heat

This test was designed and performed to inves-
tigate whether mild controlled local heat can
induce vasomotor response in the skin. The
response in terms of changes in skin perfusion
and skin temperature were measured by LDI
and thermography respectively. Overall, the ap-
plication of mild heat (below pain threshold)
provoked vasomotor reaction in all skin test
regions (forehead, forearm, dorsal hand, dorsal
foot, and abdomen) of females and males
(n=28) without causing any pain or discomfort.

Our data indicated that the best (highest in-
crease in laser Doppler response) combination
paradigm (heat and time) was 43 °C for 60 sec
that could significantly enhance skin perfusion
and cutaneous temperature compared with
other paradigms. The highest perfusion oc-
curred within 5 min after heat application, re-
vealed 2 folds increase in skin perfusion. The
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sec).

Baseline Immediately after 5 min

effect lasted for about 15 minutes after a single
application. This phenomenon was not body
region-, side- or sex-dependent (P>0.05) al-
though abdomen region showed a higher ten-
dency in females.

A typical thermographic picture and a laser im-
age are shown in Figure 1. Skin perfusion (blood
flow) and cutaneous temperature of forehead
skin of healthy men and women are depicted in
Figure 2A, B.

The tested paradigms could be applicable for
further studies in transcutaneous drug delivery
of certain medications.

Application of vasodilatory response to local
controlled heat

This test was designed and performed to inves-
tigate how the pattern of vasomotor responses
would be following repeated mild heat applica-
tion (43 °C for 30s and 43 °C for 60s). The test
was performed on forearms of males (n=14).

Our data indicated that it is possible to maintain
the vasomotor reaction at a constant level with-
out significant changes over time (P>0.05). This
phenomenon showed to be retainable even af-
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Figure 1. Typical thermographic image (A) and laser Doppler scan (B) of the right
forehead in a healthy male volunteer after application of mild heat (43°Cfor 60

10 min 15 min

ter a gap of no heat application. Data are shown
in Figure 3A and B.

The repeated mild heat paradigm could be ap-
plicable for further studies in transcutaneous
drug delivery of certain medications.

Variations in vasodilatory response to local con-
trolled heat

This test was designed and performed to inves-
tigate whether application of the best combina-
tion paradigm (43 °C for 60s) can vary in differ-
ent body regions. The test was performed on
foot, hand and abdomen of females and males
(n=28) and skin perfusion data were pooled.

Our data indicated that overall body region did
not cause a significant influence on skin perfu-
sion applying this paradigm (Figure 4). However,
one should consider that other paradigms may
show variations to some extent.

Discussion

The present study utilized different local heating
protocols to induce local peripheral vasomotor
responses, which results in increased tissue
perfusion and cutaneous temperature at
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Figure 2. A. Skin Perfusion (% baseline) in the forehead skin of the subjects (n=28). A1l: paradigm heat delivery of
three different temperatures (38,41,43°C) for 15 sec; A2: paradigm heat delivery of three different temperatures
(38,41,43°C) for 30 sec; A3. paradigm heat delivery of three different temperatures (38,41,43°C) for 60 sec. B. Skin
Temperature (°C) in the forehead skin of the subjects (n=28). B1: paradigm heat delivery of three different tempera-
tures (38,41,43°C) for 15 sec; B2: paradigm heat delivery of three different temperatures (38,41,43°C) for 30 sec;
B3: paradigm heat delivery of three different temperatures (38,41,43°C) for 60 sec. * indicates the difference from

baseline (P<0.05).

different body sites.

Controlled local heating, induced a significant
increase in skin perfusion, which is in agree-
ment with previous findings [9, 11]. This may
provide the basis for developing a standard
method, which is capable of producing a stable
and significant potentiating of skin perfusion to
the drug application site whether it is applied

topically (e.g. patches) or subcutaneously
(absorption from depot).

Possible mechanisms underlying vasodilatory
response to local controlled heat

Thermoregulation of the skin is complex and
local vasomotor response to local heat may con-
sist of three phases [9]. The initial response is
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Figure 3. The effect of the repeated mild heat appli-
cation (43 °C for 30s and 43 °C for 60s) on skin per-
fusion (A) and skin temperature (B) of the left fore-
arm in healthy male volunteers (n=14). For repeated
application, the heat was delivered every 5 min for
15 min followed by a gap of 15 minutes before the
last stimulation.

mediated by an axon reflex, triggered by activa-
tion of cutaneous sensory fibers, which probably
lasts for a few minutes. As heat is only applied
transiently for 60 sec in the present study, this
mechanism is thought to be involved. The nitric
oxide synthase (NOS) system is mainly responsi-
ble for production of the vasodilatory response
in the second phase, and produces a more sta-
ble response. It is more dependent on the incli-
nation rate and temperature of the heat ap-
plied. Thus, it is likely that the NOS system was
also involved in the vasodilatory response ob-
served in the present study. However, the NOS
system reacts slower as it is a local chemical
process, which probably is not completely acti-
vated within one minute of heat application. Yet,
continuous application of transient periods of
heat, as in repeated protocol, may be sufficient
to steadily activate NOS system, and thereby
maintain a stable blood flow over time. If it is
possible to trigger the NOS system with tran-
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Figure 4. Skin Perfusion (% baseline) in the dorsum
of the hand, dorsum of the foot and abdomen skin of
the subjects (n=28).

sient periods of heating, it could also be possi-
ble to activate the last component of the tripha-
sic vasodilatory response. The third phase is
accountable for an approximately 40% reduc-
tion in blood flow over time. Barcroft et al. [22]
described this reduction in blood flow, which
appeared after one hour for temperatures rang-
ing from 37 °C to 42.5 °C. However, at 45 °C,
blood flow remained stable throughout two
hours. In the present study, 43 °C was tran-
siently used, which is comparable with Barcroft
et al. Nevertheless, only a minor decrease in
blood flow was seen in the present study, and
not as distinct as the decrease observed in the
study conducted by Barcroft et al. Thus, the
mechanisms involved in the third phase of the
vasodilatory role are presumably neglectable in
this study.

Application of vasodilatory response to local
controlled heat

Enhanced drug absorption, through increased
tissue perfusion, depends on the ability of a
drug to diffuse across membrane of the vessels.
Vasodilation at the drug administration site
does not only increase the perfusion to the area
where the drug is administered; it also in-
creases the permeability of blood vessels to
some extent, and thereby the surface area avail-
able for drug diffusion into the blood stream [6].
The extent, to which blood flow and the surface
area available for diffusion can increase, de-
pends on the several factors such as anatomy
of the vessel plexus in the skin and also the
duration of vasodilatory response. The microcir-
culation has been extensively reviewed by
Braverman [23], who described the organization

Int J Physiol Pathophysiol Pharmacol 2011;3(3):202-209
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of non-glabrous cutaneous microcirculation in
two plexus of arterioles: an upper horizontal
plexus located in the papillary dermis just below
the epidermis, and a lower horizontal plexus
located in the deep dermis at the border of the
underlying subcutaneous tissue. Applying heat
increases the perfusion and permeability of
both plexus, but due to the anatomy, there is
probably more potential for heat-induced in-
creased drug absorption into vessels of the up-
per plexus, as the total surface area of these
vessels is larger. Therefore, heat presumably
has more potential as an enhancer in drug de-
livery systems, where drugs are absorbed by
vessels in the upper horizontal plexus, such as
transdermal drug delivery.

Variations in vasodilatory response to local
controlled heat

The microvascular blood system containes cap-
illaries which vary due to several factors such as
location, tissues being served, and metabolic
needs of the tissues and organs [24]. Continu-
ous capillaries are found mainly in the skin and
muscle and in the current study we have most
likely reached those capillaries in the skin in
different body regions. The study finding did not
indicate any significant difference between the
tested regions. No difference between female
and males was found. Although difficult to gen-
eralize this, but it seems that enhancement of
blood flow within the range of heat application
in the current study does not involve sex or re-
gion and may occur independent of such fac-
tors. Controlling factors are the time and the
level of heat application. Hence, controlled heat
could be applicable in drug delivery studies with
desirable time course and stimulus parameters
that can fit into the purpose of drug delivery.
Theoretically, this will improve the therapeutic
effect of drugs administered via skin. However,
one should consider that tissue perfusion is not
the only rate-limiting factor in the absorption of
some drug molecules. The influence of heat on
the rate of absorption should be further investi-
gated for different drugs in order to validate
controlled local heat application as a method in
cutaneous drug delivery.

In conclusion, this study demonstrated that ap-
plication of mild heat (43 °C) for a short dura-
tion of time (60 sec) can enhance the local
blood flow by up to 2 folds increase and skin
temperature by up to 5 °C with no associated
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pain or discomfort. This effect lasts for 15 min-
utes following single application and can be
retained following repeated application with
minimum variations. The response is not site- or
sex-dependent.
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