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Our bodies depend on an exquisitely sensitive and refined temperature control system to
maintain a state of health and homeostasis. The exceptionally broad range of physical
activities that humans engage in and the diverse array of environmental conditions we
face require remarkable strategies and mechanisms for regulating internal and external
heat transfer processes. On the occasions for which the body suffers trauma, therapeutic
temperature modulation is often the approach of choice for reversing injury and inflam-
mation and launching a cascade of healing. The focus of human thermoregulation is
maintenance of the body core temperature within a tight range of values, even as internal
rates of energy generation may vary over an order of magnitude, environmental convec-
tion, and radiation heat loads may undergo large changes in the absence of any signifi-
cant personal control, surface insulation may be added or removed, all occurring while
the body’s internal thermostat follows a diurnal circadian cycle that may be altered by
illness and anesthetic agents. An advanced level of understanding of the complex physio-
logical function and control of the human body may be combined with skill in heat trans-
fer analysis and design to develop life-saving and injury-healing medical devices. This
paper will describe some of the challenges and conquests the author has experienced
related to the practice of heat transfer for maintenance of health and enhancement of
healing processes. [DOI: 10.1115/1.4030424]
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Introduction

Humans are able to survive exposure to a remarkably broad
range of environmental thermal stressors and to alterations in the
distribution and magnitude of internal energy generation, all while
maintaining a nearly constant core temperature necessary for
health and well being. The thermoregulatory system consists of
thermal sensors and diverse actuators located throughout the
body. A continual stream of input signals is integrated and proc-
essed in a multicomponent distributed controller that regulates the
functions of blood flow magnitude and allocation throughout the
body in coordination with various metabolic activities, all while
balancing other essential control needs such as sustaining
adequate blood pressure levels and meeting the nutritive require-
ments of cells.

Maintenance of homeostasis depends directly on effective ther-
moregulation, and as a consequence it has been the subject of
widespread research for many, many years. There is a compelling
rationale for measuring, modeling, and simulating of the thermo-
regulatory behavior in humans, including enhancing the ability to
understand foundational physiological principles and processes, to
design systems and processes that interface with or enhance ther-
moregulatory function, and to identify performance limitations
and conditions of danger both for stressful environments and for
devices to provide thermal therapies or physical performance
amplification. Much of this work has been conducted over many
decades by brilliant and innovative physiologists in parallel, and
often in concert, with engineers who have driven the understand-
ing and utilization of bioheat transfer.

In addition to thermoregulatory considerations at the whole
body level, local temperature sensing and manipulation have

important consequences for health and healing. Endogenous ther-
mal sensors, particularly in the skin, play a key role in providing
feedback signals that drive the response of the thermoregulatory
system as well as local and peripheral skin blood flow. The appli-
cation of heating or cooling is widely used therapeutically. On the
one hand, the temperature manipulation may be used to direct and
enhance a healing process. Alternatively, the temperature may be
controlled so as to cause necrosis of malignant tissues. In all
cases, the regulation of temperature with respect to its spatial and
temporal distributions is important in governing the process
outcome.

Most of the foregoing phenomena have a long history of study,
including investigation by many of the pioneering physiologists.
In more recent years, the author has continued this line of inquiry
using engineering and heat transfer technologies, plus modern
instrumentation. The general field of bioheat transfer is very broad
and is impossible to cover comprehensively in this short publica-
tion. This paper will provide only a brief summary of the current
state of background understanding relating to the author’s
involvement in these areas of research and their practical impact
as an illustration of the opportunities for significant contributions
by heat transfer engineers in medicine and physiology.

Human Thermoregulation in Health and Daily

Activities

The human thermoregulatory system operates across a broad
spectrum of physical and physiological conditions to maintain the
body core temperature within a very small window of variation on
the order of 0.3 �C. It is vitally (life sustaining) important to health
and well being, as well as personal comfort and functionality that
the core temperature be held proximal to its set point. Excursions
outside of this small thermal window may have serious conse-
quences, including illness or even death.

The function of the thermoregulatory system occurs through a
network of neural sensor and effector pathways that detect

1Max Jakob Award paper.
Contributed by the Heat Transfer Division of ASME for publication in the

JOURNAL OF HEAT TRANSFER. Manuscript received November 21, 2014; final
manuscript received April 1, 2015; published online June 2, 2015. Assoc. Editor:
Terry Simon.

Journal of Heat Transfer OCTOBER 2015, Vol. 137 / 103001-1Copyright VC 2015 by ASME



temperatures at a multitude of central and peripheral locations and
integrate those inputs into a balanced pattern of energy generation
and heat transfer responses [1]. A wealth of insightful studies over
the past century have shown that the feedback control function of
thermoregulation is highly nonlinear and that the operational
mechanisms are altered remarkably over the wide range of physio-
logical states that may be encountered [2–4]. Further complicating
the understanding is the emerging fact that the feedback depends
on dynamic as well as static state properties [5].

It is well-recognized that the pre-optic anterior hypothalamus
(POAH) in the brain is the primary central control site for thermo-
regulation [6–8]. Both local temperature and signals from around
the body are weighted and integrated to determine outputs for
controlling effector mechanisms such as blood flow distribution,
sweating, and shivering [9,10]. Although the POAH is intimately
involved in the control, it has also been recognized that there are
parallel peripheral (to the brain) thermoregulatory control tissues,
primarily along the spinal cord [3,11–13]. The existence of pe-
ripheral thermoregulatory control tissue has been confirmed via
experiments involving the chronic implantation of thermodes sur-
rounding the spine in various mammalian species, including sheep
[14,15], dogs [11–13], goats [16], and oxen [17]. Of course, such
testing is impossible to conduct in humans. Nonetheless, there has
been extensive testing to attempt to identify whether there are pe-
ripheral sites from which blood flow to the skin in distal regions
would respond to thermal stimulation [18–21], but with only lim-
ited success. None of these studies identified the spine as a site of
peripheral thermoregulatory control tissue.

In its simplest portrayal, the function of thermoregulation is to
hold the central body temperature to within a small tolerance of a
set point value that for adults is taken to be 37 �C. However, it is
also well known that the target does not remain constant, resulting
a circadian thermal cycle in which the core temperature varies by
approximately 1 �C over a 24-hr-period [22–25]. This cyclic core
temperature variation is achieved by modulation in the magni-
tudes and balance between rates of internal energy generation and
heat exchange with the environment. Multiple parallel processes
are regulated in a highly sophisticated pattern of coordination.

Parallel mechanisms exist by which heat may be transported
between the body core and surface. The heat conduction path
remains nearly constant irrespective of physiological status and
environmental conditions, being dependent only on anatomical
structure and composition. On a relative basis, it is ineffective as a
means of transport owing to the long conduction distance and low
conductivity of tissues. Heat flow in conjunction with respiration
is slightly variable, changing primarily with the breathing rate as
air moves inward and outward between the lungs that are at core
temperature and the environment. The respiratory rate is quite
consistent for normal conditions, although it may increase by a
factor of up to two under stressful conditions. The thermophysical
properties of air limit the amount of energy that can be
transported.

By far, the most important and effective mechanism of energy
flow between the core and surface is via the convection of blood.
Its liquid phase renders a relatively large heat capacity, and the
ability of the cardiovascular system to alter the temporal and spa-
tial distribution of blood over great spatial and temporal ranges
[26] provides a tremendous efficiency for increasing or decreasing
the flow of heat between the core and the surface to meet changing
thermoregulatory requirements [9,10,27,28]. One very important
aspect of the cardiovascular function in thermoregulation is that
blood flow is not distributed uniformly across the skin surface.
Under conditions for which heat rejection to the environment is a
priority, blood flow is biased to glabrous (hairless) skin of the
hands, feet, and face, where arteriovenous anastomoses (AVAs)
are located. When vasodilated, the AVAs may have a diameter, an
order of magnitude larger than that of the parallel capillaries, and
thereby present a flow resistance that is reduced by a factor of 104

from the alternate flow pathway. As a consequence, the AVAs are
capable of carrying a substantially higher rate of blood flow than

is the terminal capillary network through which blood is perfused
to hairy skin [9,29,30], and therefore have a greater participation
in convective heat transfer.

Grahn and Heller have noted that under conditions of AVA va-
sodilation, with the vessels further distended by the application of
mild negative pressure, the locally high perfusion of blood in gla-
brous skin can be recruited with surface heat exchangers to more
effectively move energy into [31] and out of the body core
[32–34]. Given the long awareness of the existence and heat trans-
fer function of the AVAs [35,36], it is puzzling that most devices
intended for manipulating the body core temperature are designed
to apply a controlled temperature only to nonglabrous skin, where
the capacity for convective heat transfer with blood is substan-
tially limited. These other options include a wide range of medical
heating and cooling devices, plus the space suit liquid cooling
garment [37].

The primary limiting factor on the negative pressure heat trans-
fer technology as applied to the AVAs by Grahn and Heller is that
it is not possible to proactively overcome the neurologically medi-
ated state of vasoconstriction by mechanical means. Thus, if a va-
soconstrictive tone is being maintained by the body, external
application of a negative pressure will not cause distention of the
AVAs to produce the high blood flow rate requisite to effective
convective heat transfer between the skin and core. Therefore, the
efficacious application of this type of heat transfer device is
limited to conditions for which the AVAs are already naturally
vasodilated such as occurs in response to heat stress or the intro-
duction of an anesthetic agent. Their measurements show glabrous
skin heat fluxes can be achieved in excess of 0.2 W/cm2 [34],
which is four to five times larger than that is possible on nongla-
brous skin surfaces under matching thermal conditions. Thus,
adaptation of surface heat transfer procedures to target glabrous
skin areas represents a significant opportunity for improving
therapeutic device performance and medical outcomes.

Alteration of Thermoregulation in Disease and for

Medical Procedures

The normal functioning of the thermoregulatory system may be
altered by certain disease states and by the application of medical
devices or procedures designed to achieve a specified therapeutic
outcome. In some cases, the effect is produced by altering the set
point of the physiological controller and/or the processes it
invokes. Alternatively, a device may simply overwhelm the physi-
ological function and impose a revised thermal state on the body.

A well known example of this situation is when a febrile state
occurs. As the set point is raised, thermal inputs from the body
indicate that the temperature is too low. The result is an autono-
mous response to raise the core temperature via an increase of
metabolic heat production by shivering until the core temperature
reaches the new set point. The skin also becomes vasoconstricted
during this process. Conversely, when a febrile state breaks, the
core temperature is then interpreted as being too high, inducing
processes to deliver heat to the environment by large scale cutane-
ous vasodilation and sweating.

Significant upward and downward excursions from the core
temperature set point may occur under environmental conditions
that overwhelm the capacity of the thermoregulatory system to
compensate. The results are thermally related illnesses, such as
heat stroke [38] and deep hypothermia [39], which in the extreme
may be fatal. For these cases, special external intervention is
required to guide the body back to a healthy state. The most effec-
tive therapy is sometimes counterintuitive. For example, in recov-
ering a person from heat illness (stroke), the conventional clinical
wisdom is to immerse the patient into a water bath as cold as pos-
sible so as to create the largest possible temperature differential
between the core and the environment [40]. However, the
extremely cold surface temperature will elicit a strong local vaso-
constriction response [41], with the consequences that the main
heat transport route between the core and the environment will be
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minimized, thereby trapping heat within the body interior and
extending the period of dangerous hyperthermic exposure [42].
Also, the low skin temperature may elicit a shivering response
which will accelerate the internal generation of energy that will
exacerbate the hyperthermic state. An alternative procedure is to
limit the temperature of a water immersion bath to temperature
levels so as to avoid vasoconstriction and preserve the convective
circulation of blood between the core and skin [42]. Even with a
smaller overall temperature difference, the net rate of heat trans-
port from the core may be enhanced.

The theme of taking advantage of the body’s primary natural
process for effectively moving heat between the core and surface
via blood flow has been followed by the author in developing
methods and devices for induction of therapeutic hypothermia
(TH). In recent times, there has been an emerging realization that
TH may provide great benefit in mortality and morbidity that is
often associated with medical events that cause major organ ische-
mia, including stroke, cardiac arrest, and traumatic brain injury
[43–45]. Although there are many approaches to lowering the
body core temperature, the most widespread involves covering
large portions of the body surface with cooling blankets [46]. This
and other methods embody a brute force tactic of simply over-
whelming the thermoregulatory defense against a substantial low-
ering of the core temperature [47]. A prominent response that
must be suppressed is shivering, for which pharmacologic agents
are administered [48]. Selected agents may be used to reduce the
shivering threshold to 33.5 �C for long term TH episodes [47]. As
is the case for most other noninvasive surface heat transfer devi-
ces intended for manipulating the body core temperature, cooling
blankets for inducing TH are usually applied to torso, legs, and
arms, to the specific exclusion of the areas of glabrous skin where
convective exchange with blood is most effectively accomplished
in the AVAs.

The foremost challenge in realizing the potential physiological
and therapeutic benefits of heat transfer applied at the glabrous
skin is to be able to create a high flow rate of blood through the
AVAs on demand. Given that the key role in thermoregulation
played by AVA heat transfer in glabrous skin has been realized
for approximately a century, there is a long history of attempts to
thermally stimulate blood flow to the appendages [18–21]. More
recently, peripheral thermoregulatory control tissue has been iden-
tified along the spinal cord in various mammalian species, as
noted earlier [11–17]. In these studies, a tube through which
heated water could be circulated was implanted chronically
through the vertebral canal of the spine to control the local tem-
perature. Heating the spine caused a thermoregulatory response to
reject heat to the environment, even though the hypothalamus was
not above the set point temperature. In ox, core temperature drops
of 5 �C and larger were achieved with thermal stimulation of the
spine. Although such experiments are impossible to conduct in
humans, the implication is that a similar thermal stimulus could
produce the same type of result. Of note, since the central goal of
TH is to drop the brain temperature, and, additionally, that lower
hypothalamus temperatures will invoke thermoregulatory conser-
vation to fight off the core temperature dropping, an independent
and parallel control site along the spine could be an effective
option for inducing upregulation of AVA perfusion so that blood
may be cooled as it flows through glabrous skin prior to circulat-
ing back to the core. This specific process is termed glabrous skin
heat transfer (GSHT) and can result in much greater energy fluxes
between the skin and body core than are possible through nongla-
brous skin areas. GSHT can be particularly effective when it is
mediated via thermal communication with an environment that is
liquid phase (e.g., water) rather than vapor phase (e.g., air).

The procedure of applying low grade heating (at a surface tem-
perature not exceeding 42 �C) at specific small areas aligned with
the spine has been dubbed selective thermal stimulation (STS). In
humans, STS may be used to cause an increase in glabrous skin
blood flow (GSBF) in conjunction with devices for effecting
GSHT to enable core temperature management on demand.

Figure 1 is a simple graphical representation of the concept of
coordinated STS and GSHT applied to a human.

Hundreds of human trials have been conducted in the author’s
laboratory over several years with full UT IRB approval to
explore the efficacy of STS in manipulating GSBF. Primary
instrumentation consists of thermocouples applied to the skin at
the site of STS and at representative glabrous and nonglabrous
skin locations and laser Doppler blood flow probes also at gla-
brous and nonglabrous locations. A typical trial is illustrated in
Fig. 2.

Cutaneous blood perfusion was monitored with laser Doppler
flow probes placed on the distal pad of the left ring finger (over
glabrous skin) and on the medial aspect of the left forearm (over
nonglabrous skin). Thermocouples were placed on the distal pad
of the middle finger on the left hand and on the skin at the C4 ver-
tebra. Following an initial benchmark period of 10 min, an electric
heating pad was applied over the cervical spine for 25 min and
then physically removed. Blood flow is expressed in arbitrary
units as output from the instrumentation, since only relative
changes in magnitude were of interest in this study.

This trial was conducted with STS effected by a direct applica-
tion of a simple electric heating pad along the cervical spine.
More precise and rapid heating is accomplished alternatively via a
special heater with closed loop feedback control. Nonetheless, for
this trial there is an apparent direct correlation between the upreg-
ulation and down regulation of GSBF in conjunction with the
application and removal of STS. Note that the non-GSBF is totally
unaffected by the STS. The STS effect appears to be initiated
approximately when the cervical skin temperature rises to the
range of 39–40 �C. The surface temperature of the finger pad fol-
lows the level of blood perfusion measured in the adjacent finger.
Higher blood flows result in an increase in surface temperature,
presumably as a consequence of increased convection with warm
blood perfused through the vasculature, adding heat to the skin
that then diffuses to the cooling surface region. This test subject
was initially in a strongly vasoconstricted state that was holding
stable, as manifested in the finger surface temperature of about
23 �C. In response to STS of the cervical skin, there were three
episodes of glabrous blood upregulation, each of which produced
an increase in finger pad temperature. Also, owing to the initial
state of relatively deep glabrous vasoconstriction, there was a sub-
stantial potential for upregulation of the flow, which eventually
was five fold in magnitude. When the STS was withdrawn there
was a nearly immediate drop in GSBF to levels even lower than
during the baseline period. The total differential between maxi-
mum and minimum GSBF with and without STS was approxi-
mately 10X.

A series of trials was conducted with seven subjects dressed in
shorts and a tee shirt in a room with air temperature at 22 �C. All
trials were conducted with subjects resting in a prone position
with no environmental stimuli. Application of instrumentation
required nearly an hour, allowing acclimation to the room thermal
environment, following which data acquisition was started. Trials
started with 15 min of baseline data after which STS was activated
at a temperature in the range of 40–42 �C for 30 min. The perfu-
sion is expressed in terms of cutaneous vascular conductance

Fig. 1 A pictorial representation of the skin areas involved in
STS along the cervical spine and GSHT at the palms and plantar
surfaces. An important feature is that STS and GSHT occupy
only minor fractions of the total body surface area, providing
minimal interference with other simultaneous medical
procedures.
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(CVC), which is calculated as the ratio of the voltage output
from the laser Doppler probe divided by the mean arterial pres-
sure as measured periodically with an automated pneumatic arm
cuff. The CVC was averaged over the final 5 min of the baseline
period and over the 5-min-interval for which it reached the larg-
est differential from baseline. Control trials were conducted in
the same manner except that the neck heater was never activated.

The CVC values at the start of STS and at the point of largest
divergence from baseline are plotted in Fig. 3 for the individual
trials.

A two sample t test analysis shows that there is a probability
greater than 99% that the data sets are different, i.e., that the cervi-
cal STS does result in an upregulation in GSBF. That being the
case, a two-step method for inducing TH in which first, mild STS
is applied along the cervical spine to cause an increase in GSBF,
and second, cooling heat exchangers are applied on the palmar
and plantar skin surfaces to withdraw heat from blood flowing
through the AVAs prior to its recirculation back to the body core.
The heat exchanger surfaces should be maintained at temperatures
above about 20 �C so as to avoid local cold-induced vasoconstric-
tion (CIVC) [49].

Several important features of the data in Fig. 3 should be
pointed out. The diagonal dashed-line defines the null effect out-
come for which the initial and final CVC values were equal. The
CVC values never are zero since the tissue always maintains a re-
sidual nutritive level of blood flow. Neither is the CVC able to
increase without limit, as there is a maximum level at which the
heart is able to pump blood through the local vascular network
when the AVAs are at greatest vasodilation. An exception is the
technique of Grahn and Heller [31] as discussed previously in
which a mild negative pressure is applied to the glabrous tissue
to further distend the AVAs beyond their normal maximum
vasodilation.

There is a very large spread in the initial CVCs measured
amongst the subjects, which is typical of a human population in a
thermal neutral environment. Subjects having a low initial CVC
have a larger potential for an increase in blood perfusion, as is
indicated by the least squares curve fits for both data sets. The
control subject data all tended to fall below the null effect line,
and the thermal stimulation data above it, with a few exceptions.
The control subjects had a strong tendency toward a progressive

Fig. 2 Temperatures on the skin overlying the cervical spine and the fourth finger pad and concurrent blood perfusion values
in the middle index finger (glabrous skin) and the matching medial aspect of the forearm (nonglabrous skin) during a neck heat-
ing trial to stimulate GSBF. Temperatures are in the upper pane and blood flow in the lower pane.

Fig. 3 Initial and stimulated finger pad CVC data as a function
of application of neck heating stimulation for subjects exposed
to room air at 22 �C. Open squares are for controls with no stim-
ulation. Filled circles are for stimulation. Straight lines are lin-
ear least squares fits to the two data sets.
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vasoconstriction in a 22 �C room over their nearly 2 hr of exposure
therein. It is generally about 75 min from the start of instrumenta-
tion until the end of baseline. It is likely that this is a long enough
period during which the subjects, in a prone position with minimal
physical activity and having a large fraction of the skin surface
uncovered, will begin to develop a deficit between the rates of in-
ternal energy generation and external heat loss. Although 22 �C
air would be considered thermally neutral for normally clothed
persons engaged in office type activities, it is insufficient to main-
tain an energy balance for the subjects, and they respond with a
slow, progressive vasoconstriction. The therapeutic use of this
technology has its objective the end point of a high CVC so that
glabrous skin heat exchangers will be effective in transferring
energy out from the core via high flow rate circulation of blood.
The objective is achieved whether the CVC is initially high or
reaches that state via thermal stimulation.

A small number of the data points appear to be outliers in com-
parison to their cohort: controls with increased CVC and interven-
tions with decreased CVC. A comprehensive review of hundreds
of STS experiments has indicated that one factor on which the
response of GSBF may be dependent is whether the thermoregula-
tory system is in a transient state of control. For example, if a sub-
ject is in a condition of strongly becoming vasoconstricted, it is
proportionately more difficult to increase the magnitude of CVC
via STS. Subjectively, this condition may be realized in terms of a
feeling of one’s hands and feet becoming progressively colder
when exposed to a cool environment. We have quantified this phe-
nomenon in terms of the temporal gradient in CVC, or dCVC/dt,
and termed it as the thermoregulatory inertia (TRI) [50]. As can
be seen in Fig. 2, there is typically a temporal variation in the
CVC signal in conjunction with the complex mode of regulation
of blood delivery throughout the circulatory system [26]. There-
fore, TRI is quantified by averaging the CVC over a 5-min-
window of time. Figure 4 presents a scatter plot of TRI values
before and after stimulation for the same data sets shown in
Fig. 3.

The control data show no change toward a more positive TRI
(toward vasodilation), whereas cervical STS blunted or reversed
most of the initially negative TRI (toward vasoconstriction).
Nearly, all STS trials resulted in a positive TRI, and many
reversed a large initially negative TRI (data points in the upper-
left quadrant). The clinical implications for the TRI data remain

to be determined, but in terms of improving convective access to
the body’s core energy storage, they clearly hold positive implica-
tions. A clinical trial is currently under way with this technology.
The objectives of this phase I study are to measure in a patient
population in the intensive care unit the efficacy of STS for upre-
gulating the GSBF and to measure the ability of cooling applied
to glabrous skin surfaces of the hands and feet in conjunction with
STS to alter the heat content of the body, and especially the core
temperature.

The foregoing data are derived from preliminary experiments
and are an incomplete description of the phenomenon by which
cervical STS may be applied to increase GSBF. More comprehen-
sive data, statistical analysis, and detailed evaluation are being
prepared for separate dedicated publications. For example, exten-
sive testing has been conducted at ambient temperatures substan-
tially above and below the thermal neutral range so that subjects
are initially tending toward vasoconstriction or vasodilation. Also,
glabrous skin cooling and warming (the second step for TH) have
been combined with STS (the first step) to manipulate the body
core temperature, with ongoing testing in progress.

The two-step procedure for proactively adjusting the body core
temperature for therapeutic purposes can be considered as
embodying a unique elegance. On the one hand, the heat transfer
devices and procedures by which the process is conducted are
quite compact, easily portable, safe, totally noninvasive, well
adapted for field use by first responders, and convenient and intui-
tive to apply without extensive training. On the other hand, the
governing physiological principles and processes involve a so-
phisticated understanding and extrapolation of long identified
thermoregulatory behavior in mammals. However, it is not neces-
sary to own a comprehensive understanding of the physiological
principles in order to successfully practice the technology. The
philosophy of the technology is to coax the body to cooperate
with and achieve the therapeutic objectives by induction of endog-
enous thermoregulatory processes rather that applying thermal
boundary conditions that overpower the body’s ability to ther-
mally defend itself. It is likely that the greatest efficacy of the
technology will be realized under circumstances of starting thera-
peutic cooling in the field as soon as possible following an
ischemia-inducing event. This is the time point in the chain of
treatment when withdrawing heat from the body is likely to have
the greatest benefit. It could also be applied within health care
facilities for simple and convenient initiation of body cooling.
Plus, the technology is physically compatible with existing cool-
ing blanket devices that do not access glabrous skin areas for heat
transfer. Our initial studies with prototype devices designed to
practice the two-step technology show that heat can be removed
from the body at a rate of at least 100 W, and calculations indicate
that 200 W should be possible. Further development and testing
are required to define the upper limit for thermal interaction with
this type of device, but these studies are yet to be conducted. For
comparison, the basal metabolic rate (BMR), which is a function
of multiple physiological properties such as body mass, height,
age, and gender, generally varies over the range of 50–100 W for
adults. Further analysis and publications on this technology are
forthcoming.

An additional application of this technology for body tempera-
ture control is associated with the affect that general anesthesia
has to disable normal thermoregulatory function, resulting in
patients tending toward a state of perioperative hypothermia dur-
ing surgical procedures [51–53]. There may be a remarkable drop
in core temperature owing to a confluence of factors including: an
initial redistribution of energy within the body from the core to
the periphery (primarily muscle mass) associated with increased
peripheral blood perfusion; relaxation of AVA vasoconstriction
allowing large blood flow to the heat transfer vessels, where heat
is lost to the environment; suppression of the core temperature at
which vasoconstriction is activated; possible direct exposure of
visceral organs during surgery; and the relatively cold air temper-
ature (low 20’s �C) typically maintained within the operating

Fig. 4 Time rate of change of finger pad CVC (TI) as a function
of application of neck heating stimulation for subjects exposed
to room air at 22 �C. Open squares are for controls with no stim-
ulation. Filled circles are for stimulation.
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theater. In effect, the anesthesia reprograms the thermoregulatory
controller, allowing much larger variations from the normal set
point temperature than are routinely possible.

Modeling and Simulation of Thermoregulation

Maintenance of human homeostasis depends directly on effec-
tive thermoregulation. There is a compelling rationale for model-
ing and simulation of the thermoregulatory behavior in humans,
including enhancing the ability: to understand foundational physi-
ological principles and processes; to design strategies and proc-
esses that interface with or enhance thermoregulatory function;
and to identify performance limitations and conditions of risk
both for stressful environs and for devices to provide thermal
therapies or physical performance amplification.

The Wissler human thermoregulation model has been under
continuous development and refinement for more than 50 yr
[54,55]. As local colleagues at the University of Texas, we have
taken advantage of the opportunity to collaborate in various past
studies [56]. The finite difference model consists of 25 anatomical
elements, each of which embodies 21 radial layers, starting from
the bones and moving outward, including environmental compo-
nents (such as clothing). All elements have 12 angular segments
that generally are asymmetric, for a total of 6300 nodes. Each
node has distinct thermal properties based on its fractional tissue
composition and has time-varying properties such as the heat gen-
erated by metabolism and blood perfusion. Within the body, heat
transfer occurs among nodes primarily through conduction with
neighbors and convection of blood flow, as the nodes are anatomi-
cally connected. Boundary conditions for the entire body are
expressed in terms of conduction, convection, radiation, and evap-
oration. Conservation of energy and mass flow are applied to ev-
ery node. Figure 5 is a simplified cartoon of the nodal
connectedness of the model. The elements for the hands and feet
are components added recently to represent the glabrous skin
areas and mass of the hands and feet [57].

The addition of glabrous skin elements to the Wissler human
thermoregulation model is anticipated to increase its domain of
applicability and to enhance its accuracy in addressing processes
that involve blood perfusion in the AVAs as a prime platform for
environmental heat exchange. A key component of the model is
the controller algorithm that must replicate the processing of the
thermoregulatory system afferent and efferent signals that drive
the physiological responses. Thermoregulatory mechanisms inte-
grate both central control and diffuse afferent signals and effect
the distribution of blood flow throughout the body, plus the initia-
tion and intensity of sweating and shivering. Of particular interest,
in our recent studies, is the specific control of blood flow to the
AVAs that has a major role in effecting or suppressing energy
transfer between the body core and the environment. The AVA
control algorithm for normal conditions is shown in Fig. 6.

The central broad plateau of temperatures for which an interme-
diate level of GSBF exists represents the response to thermoneu-
tral conditions. The specific thermal limits of thermoneutrality are
highly individualistic, and the temperature limits used in the simu-
lations presented herein are simply illustrative of the phenomenon
and are not to be taken as universally applicable. During disease
and fever, the thresholds for the thermoneutral state are altered to
higher temperatures so that the thermoregulatory system main-
tains the febrile state until it breaks.

The Wissler model was applied to simulate the reaction to
application of the two-step cervical STS and glabrous skin cooling
technology as manifested in changes in core temperature for con-
ditions similar to the study for Figs. 3 and 4. A subject was placed
in a thermoneutral room and given a neck heating stimulation.
Glabrous skin water circulation heat exchangers were applied to
the hands and feet to maintain a constant skin surface temperature
of 22 �C. This temperature is above the threshold of approxi-
mately 21.5 �C which can cause locally enforced vasoconstriction
of AVAs [49] that would thwart a therapeutic cooling process that

depends on an active circulation of blood between glabrous skin
and the body core. Simulations were run for incremental fractions
of the cardiac output (CO) directed to the glabrous skin areas that
cover the generally acknowledged available range [9,58,59]. The
predicted influence on core temperature is shown in Fig. 7.

CO is assumed to be modulated by cervical STS, with special
heat exchangers applied at the palmar and plantar surfaces to
extract heat from circulating GSBF.

The simulation data illustrate the very strong effect that GSHT
may have on core temperature management. At low GSBF rates,
the core temperature actually raises slightly during the protocol.
However, as the glabrous perfusion increases to its largest value,
the added convective capacity of the AVA circulation for moving
heat between the body core and surface is dramatically apparent.
The eventual drop in core temperature toward an asymptotic value
is proportional to the blood flow rate through the AVAs. Plus, the
initiation of core cooling begins sooner and more strongly with
increased AVA flow. This simulation illustrates the potential for
the two-step technology for TH induction. It is being applied to
help guide device design.

As was discussed earlier, the administration of an anesthetic
agent can have a debilitating influence on thermoregulatory func-
tion resulting in a state of perioperative hypothermia. This phe-
nomenon has been simulated with the Wissler model, including
evaluating the thermal efficacy of various devices that are used to
offset the thermoregulatory deficit. Figure 8 shows how the basal

Fig. 5 Graphical representation of the connectedness among
elements for the Wissler human thermoregulation finite differ-
ence model. The classic model has four additional elements for
two hands and two feet [57].
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level of vasodilation is elevated, the thresholds for sweating and,
especially, shivering are offset further from the normal values
(dashed line), and hysteresis loops exist for rising and falling tem-
peratures [60].

This model has been used to simulate the thermal efficacy of
devices and methods reported in the literature for remediating the
tendency toward anesthesia-induced perioperative hypothermia
[60]. For example, Andrzejowski et al. [61] published data from a
68-patient clinical study for forced air body surface warming dur-
ing Propofol anesthesia in comparison with forced air warming
initiated 60 min prior to the start of the surgical procedure. The
objective of prewarming was to store thermal energy in the body
prior to the induction of anesthesia to counteract the thermal
redistribution resulting from ablation of thermoregulatory vaso-
constriction by anesthetic agents [61,62]. Only 43% of patients
maintained temperatures above hypothermia with interoperative
warming, whereas with the addition of 60 min of prewarming,
68% remained above the core temperature threshold of 36 �C.
Thus, even with the extra prewarming intervention, fully 1/3 of

patients fell into an undesirable thermal state referred to as inad-
vertent perioperative hypothermia. Plus, although prewarming led
to a better outcome, the process cost was to engage device,
facility, and personnel resources for an added hour, which is sig-
nificant. The interoperative forced air warming at 43 �C alone and
combined with 60 min of preoperative warming were simulated
with the Wissler model and compared with the clinical data [61].
As an alternative, a simulation was made of only interoperative
forced air warming combined with glabrous skin warming with
water at a temperature of 42 �C [60]. The results of the simula-
tions along with the clinical data are plotted in Fig. 9.

In the absence of heating intervention, the simulations show
that the core temperature drops by 2.5 �C after about 4 hr. Forced
air warming reduces the temperature loss considerably, and pre-
warming even more. The effect of prewarming in elevating the
pre-induction temperature slightly is obvious, but the core temper-
ature still drops for both cases.

When AVA heating is combined with forced air heating there is
an initial drop in temperature owing to internal energy redistribu-
tion. However, the addition of heat input via blood flow through
the AVAs is able to reverse this process within 20 min. The

Fig. 6 Graphical representation of the control algorithm for
blood flow to AVAs as a function of core and mean skin temper-
atures. Vasoconstriction occurs progressively below 28 �C
mean skin temperature and 36 �C core temperature. Vasodila-
tion occurs progressively above 38 �C core temperature. Nor-
mothermic perfusion exists for the plateau of states between
these thresholds [57].

Fig. 7 Effect on modulation of core temperature as a function
of the magnitude of GSBF as a percent of CO to both hands and
both feet with surface cooling at 22 �C [57]

Fig. 8 Anesthesia-modified AVA perfusion control algorithm.
Dashed line depicts the normal function. Vasodilation is ele-
vated at normothermia and persists to lower core temperatures.
Hysteresis occurs in transitions to normothermia. The mean
skin temperature threshold states are unchanged [60].

Fig. 9 Change in core temperature in response to forced air
heating at 38 �C during spinal surgery with Propofol anesthesia
[61]. Data points are from the clinical study without (lower) and
with (upper) preheating. Solid lines are simulations for no
external heating (bottom), interoperative heating (next higher),
preheating 1 interoperative heating (next higher), and glabrous
skin 1 interoperative heating (top) [60].
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anesthesia induced vasodilation of the heat transfer vessels in gla-
brous skin becomes an advantage when combined with warm
water flow in heat exchange pads placed on the hands and feet.
The result is a final equilibrium temperature in excess of the pre-
induction value. Since the heat exchangers can be applied to the
hands and feet in conjunction with the forced air warmers over the
general body surface, this technique offers a strong promise for
being able to obviate the incidence of unintended perioperative
hypothermia. Other simulations indicate that AVA warming may
be highly effective when used alone in the absence of other
technologies.

Local Temperature Therapy to Aid Healing of

Superficial Tissue Injuries

Localized cooling has long been commonly used following or-
thopedic surgery and in sports medicine to reduce swelling, pain,
inflammation, metabolism, muscle spasm, and bleeding, and heat-
ing has also be applied to enhance blood perfusion and the healing
process [63,64]. Cryotherapy protocols are typically carried out in
conjunction with post orthopedic surgical rehabilitation via a de-
vice called a cryotherapy unit (CTU), whereas simple ice packs
are frequently used in acute sports settings. A CTU generally con-
sists of a remote source of refrigeration, such as an insulated con-
tainer filled with melting ice, with a submersion pump and flow
connections to a flexible bladder applied to a tissue treatment area
on the skin. Temperature alone is the obvious delivery medium
for thermal therapies, but alterations in blood flow response to
changes in tissue temperature play a major role in the mechanisms
of cryotherapy efficacy.

The surface application of cold or heat results in a local diminu-
tion or increment in blood perfusion, respectively [65]. Lower
blood flow will reduce the amount of swelling and bleeding, and
lower temperatures reduce pain by lowering the nerve conduction
velocity [66]. Higher blood flow brings a greater supply of
nutrients to injured tissues and flushes toxic metabolic byproducts
from tissue. Achieving a balance between these two effects can be
of direct benefit to augmenting a soft tissue healing process. Alter-
natively, an over-application of either cooling or heating may add
to the extent of injury. Excessive heating effects are most obvious,
resulting in burns at tissue temperatures exceeding 43 �C [67,68],
although limited thermal stress may upregulate the production of
heat shock proteins that enable damaged cells to self-repair [69].
At temperatures above 0 �C freezing is avoided, but devastating
injuries may still occur owing primarily to prolonged starvation of
tissue of blood flow. The term nonfreezing cold injury (NFCI) is
applied to this event [70–72]. Low temperature exposure may also
contribute to tissue injury because of the inability of hemoglobin
to release (dissociate) oxygen at temperatures below about 12 �C
[73] and the increasing rigidity of red blood cells in the range of
10–15 �C that may cause them to block the flow of blood through
capillaries [74].

Given the direct dependence of the efficacy of thermal therapy
on the modulation of local blood flow, we have conducted exten-
sive human trials to quantify the domains of coupling and uncou-
pling of perfusion to temperature [75–77]. A wide range of CTUs
have been tested with thermocouples and laser Doppler blood
flow probes placed on the skin surface under the ice water perfu-
sion bladder and at other control locations. The laser Doppler
probes were a low power version that interrogates flow at an aver-
age depth of 0.5 mm and a higher power version at 2 mm [78].
Temperatures and blood flows were measured during cryotherapy
protocols that included sequential cooling and warming processes.
An exemplar protocol is shown in Fig. 9.

The cryotherapy protocol consists of sequential periods of active
cooling by circulating ice water followed by passive warming by
parasitic heat gain from underlying tissue and the room environ-
ment. The temporal gradients in temperature are greatest at the start
and cessation of active cooling owing to the sudden changes in the
thermal boundary conditions. In contrast, the blood perfusion

behaves very differently at the start and cessation of active cooling.
During cooling the perfusion gradually drops to about 20% of the
baseline value. During subsequent warming, while the temperature
is rising steadily, the perfusion remains profoundly depressed for an
hour and a half, as which point the experiment was terminated. In
the absence of external factors to restimulate the blood flow, this
decoupling of perfusion from temperature during warming is typi-
cal of a cryotherapy protocol. The phenomenon is thought to be the
consequence of the release of mediators that govern the vasoactive
behavior of tissue, and experiments are under way in our group to
identify these agents using microdialysis techniques. These results
will be reported independently.

The decoupling of perfusion and temperature during tissue
warming following cryotherapy cooling results in a hysteresis
effect during the complete thermal cycle. The measured blood
perfusion to the skin may be plotted as a function of the applied
surface temperature, as shown in Fig. 11.

This hysteresis phenomenon has been observed associated with
sequential cooling and heating during cryotherapy for many proto-
col domains. It occurs for both slow and rapid cooling and warm-
ing, i.e., across many time scales [77]. The growing body of
scientific and clinical data indicate that the relationship between
temperature and local blood perfusion plays an important role in
determining the outcome of cryotherapy procedures. Further study
and analysis of this effect are warranted.

The foregoing data points to the fact that the applied tempera-
ture may be modulated to regulate the flow of blood to injured tis-
sue with the objective of enhancing the healing process. Periods
of reduced flow and temperature may be beneficial to healing as
well as periods of exposure to higher temperatures and blood
flow. The combination of alternating cooling and heating has an
extended history in sports medicine, being termed contrast therapy
[65,79,80]. Surface cooling and warming have been practiced
with packs applied manually in alternating fashion with time
ratios varying over the range of 1:1–1:4. Cooling may last for
only 5 min or be extended to 30 min. For sports applications, the
therapeutic target is often deep muscle tissue. Thermocouples
inserted to depths of 2.5–4 cm at a contrast therapy site indicate
that the foregoing types of protocol have little effect on altering
muscle temperatures [79,80], as is anticipated by the limitations
of heat conduction in tissue.

We have adapted various CTU systems, as well as onsite thermo-
electric solid state refrigeration [81], to apply alternating cooling
and heat boundary conditions to skin and have measured the blood
perfusion response in the underlying tissue. Figure 12 presents sur-
face temperature and blood perfusion data from one such trial.

The blood flow is clearly responsive to both active cooling and
heating, in contrast to the data in Fig. 10 for which the perfusion
strongly lags the temperature during passive rewarming. Hystere-
sis analysis of cooling and warming cycles has demonstrated that
there is always a differential between the cooling and warming
behaviors of blood perfusion and surface temperature. But a hys-
teresis plot presents only property values and has no information
about the time progression of a process. In contrast, the applica-
tion of a thermal therapy clinically elicits a physiological response
involving multiple rate processes that govern healing and, poten-
tially, further injury events. Therefore, the time history of how
temperature and perfusion progress during any specific treatment
is of specific interest. The data in Fig. 12 illustrate graphically that
manipulation of the skin surface temperature boundary condition
can be used to drive blood perfusion downward and upward on
demand. This capability has the potential to be highly useful and
efficacious therapeutically. We are actively engaged in developing
and testing devices and protocols to advance the state-of-the-art in
this area.

All of the foregoing temperature data have been obtained for
measurements performed on the skin surface, which are limited to
the monitoring of boundary conditions. The penetration of cold or
heat waves into deeper tissue is an important component of a ther-
apeutic protocol that dictates the progression of a healing
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response. Thus, in some laboratories, thermocouples may be
inserted into tissue to depths of many centimeters; for example,
see Refs. [79,80]. Such experiments require a higher level of com-
mitment on the part of subjects, and we have chosen to exclude
this type of instrumentation in our studies. Rather, we have
applied rather simple simulation tools to estimate the temperature
histories at interior locations in tissues. Owing to anatomical het-
erogeneity and complexity plus complicating factors such as inter-
nal distributed convection by blood perfusion, most of these
models require a numerical solution method and are generally
implemented via finite element analysis. In contrast, a very mod-
est example that is nonetheless instructive is shown in Fig. 13,
which depicts the internal temperature fields during cyclic surface
cooling and warming. In this case, the tissue is assumed to have
homogeneous properties with no blood perfusion, and the surface
is subjected to step-wise temperature changes.

Penetration of thermal effects into the tissue induced by altera-
tions in surface temperature are obvious, along with muting of the
magnitude of changing boundary conditions and a response delay

that increases with depth. Simulations are useful for understanding
the outcomes from specific experiments and for designing the
thermal and temporal parameters of new protocols. For example,
the delay in the response of blood perfusion following a change in
surface temperature can be explained, at least in part, by the time

Fig. 10 Data for a cryotherapy trial with a circulating ice water
CTU applied to the shin area of the lower leg. The protocol con-
sisted of 15 min of baseline data followed by active cooling for
40 min and passive rewarming for 90 min. The upper panel
shows temperature histories measured at two locations on the
skin under the water perfusion bladder. The lower panel shows
two superficial (lower and upper) and one deep (middle) perfu-
sion histories under the cooling bladder [76].

Fig. 11 Hysteresis in local skin blood flow responding to fall-
ing and rising skin temperatures during cryotherapy for trials
with two different devices and subjects (open circle and star
symbols). Left data points are for cooling and right for warming.
Owing to experimental time limitations, the cryotherapy cooling
and heating cycles did not accommodate a complete return of
perfusion to its baseline value during rewarming [76].

Fig. 12 Temperature and blood perfusion histories for cyclic
cooling and heating applied to the knee with a circulating ice
water CTU and electric heater attached to the surface of the
bladder. Following an initial period of baseline data collection,
the protocol consisted of cycles of 30 min of active cooling and
10 min of active heating. The data show blood perfusions and
temperatures at two locations on the skin beneath the bladder.
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constant for diffusion of heat to a depth of approximately 2 mm
that can be on the order of a couple of minutes.

Finally, it is noted that frequently therapeutic CTU use is rec-
ommended or prescribed in terms of an application time and tem-
perature. However, to assign a single numerical temperature as
characterizing the thermal therapy process produced by a CTU
applied to a treatment area is a misnomer and is, in the least, mis-
leading to health care providers and patients. In actuality, depend-
ing on the spatial and temporal patterns of ice water circulation
through a cooling bladder, there may be very large lateral gra-
dients in temperature applied to the skin. Infrared thermography
has been applied to measure and characterize the magnitude and
distribution of cooling bladder temperature gradients for many
commercial CTUs [82]. There are substantial differences in the
magnitude, range, and distribution of temperatures over a bladder
surface among CTU/bladder combinations. The range may be as
small as 2 �C or exceed 9 �C. This phenomenon is compounded by
the complex temporal coupling between locally applied tempera-
ture and the alterations to blood flow elicited in underlying tissues
that are critical in determining the physiological response to
cryotherapy. The use of onsite solid state refrigeration modules
provides promise for more precise temperature control as well as
greater protocol versatility and predictability [81].

Summary and Conclusions

Applications of heat transfer technology and analysis in biome-
dicine is growing at a rapid pace, presenting many opportunities
for scientific advances and commercialization initiatives. This pa-
per discusses a limited subset of bioheat transfer problems that
have been most prominent in the author’s recent experience and
are presented as examples of topics that may be pursued.
Undoubtedly, the future holds numerous avenues of study and de-
velopment having high medical impact that are yet to be
identified.
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Nomenclature

AVA ¼ arteriovenous anastomoses
BMR ¼ basal metabolic rate
CIVC ¼ cold-induced vasoconstriction

CO ¼ cardiac output
CTU ¼ cryotherapy unit
CVC ¼ cutaneous vascular conductance

GSBF ¼ glabrous skin blood flow
GSHT ¼ glabrous skin heat transfer

IRB ¼ institutional review board
NFCI ¼ nonfreezing cold injury

POAH ¼ pre-optic anterior hypothalamus
STS ¼ selective thermal stimulation
TH ¼ therapeutic hypothermia

TRI ¼ thermoregulatory inertia
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