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Abstract

Temperature plays an important role in the function-
ing of biological systems. To predict tissue temperatures,
the influence of blood flow must be accounted for. The
collective effect of blood vessels in a tissue volume may
be reasonably successfully described by a heatsink. This
is for instance the case in our study of using scalp cool-
ing to prevent hair loss induced by chemotherapy. In the
calculation of overall temperature distributions the ther-
moregulatory mechanisms of vasoaction, sweating and
shivering need to be considered. Models get increasingly
sophisticated, but accurate predictions for individuals
(rather than average behaviour) remain difficult because
of the many influencing factors. A predictive tool for in-
dividual patients, including effect of anaesthesia, is be-
ing developed for use during hypothermic (cardiac) sur-

gery.

1 Introduction

Temperature influences the functioning of biological
(sub)systems. For humans, the core temperature varies
within narrow bounds around about 37°C. Changes in
temperature can have significant consequences for the
behaviour of individual cells and the body as a whole.
The temperature dependence of biological processes can
be used to clinical effect. Examples are hyperthermia
treatment against cancer; cooling of the head to prevent
hair loss as a side effect of chemotherapy; and cooling of
patients during major surgery to protect the brain. Inter-
vention can also be necessary to maintain or restore
normal temperature, e.g. during or after exposure to
harsh environmental conditions. Conversely, the func-
tioning of cells influences temperature and hence tem-
perature measurements can be wused in diagnosis.
Mathematical models have a role both in treatment and
diagnosis. They can aid in predicting the time course of
temperatures or in giving information on the temperature
where (invasive) thermometry is lacking.

Heat transfer within the body takes place by means of
conduction and convection. Convective transfer by blood
plays a key role. Problematically, densities of blood ves-
sels are very high and hence it is hard to compute a de-
tailed temperature distribution in even a small part of the
body while accounting for all of the blood vessels indi-
vidually. Fortunately, the effects of the blood vessels can
be described collectively with some success. In 1948,
Pennes [13] devised his bio heat equation, also known as

heatsink equation, in which the effects of all vessels are
lumped together:
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Here, ks, pis and cys are respectively the thermal
conductivity, density and specific heat of the tissue. In
the heatsink term, ¢, is the specific heat of blood, #, the
volumetric blood perfusion of the tissue [kg m™ s?], and
T, the temperature of the arterial blood entering the vol-
ume. Finally, M is the volumetric rate of (metabolic)
heat generation [W m™]. The bio-heat equation (1) de-
scribes the blood to tissue heat transfer as if it all takes
place in the capillaries: blood reaches the capillaries with
the temperature of the major supply artery. Subse-
quently, in the returning veins heat transfer with the tis-
sue is again assumed negligible. The bio-heat equation
has established itself as the most used continuum de-
scription of tissue heat transfer. Relatively good accu-
racy is achieved for highly perfused tissue (such as
brain) because at high perfusion a relatively large pro-
portion of the blood-tissue heat transfer does take place
in the smallest vessels. But of course, heat transfer be-
tween tissue and blood does take place in vessels of all
sizes. Because of this, firstly, the optimum continuum
description also includes terms qualitatively different to
the heatsink (effective conductivity, directed perfusion),
and, secondly, large blood vessels can cause significant
temperature inhomogeneities unpredictable by any con-
tinuum model. Especially in local hyperthermia therapy
these inhomogeneities are extremely relevant and much
effort has been put in the development of accurate ther-
mal models that account for individual vessels. Much ef-
fort is put in the development of accurate models to take
those effects into account and they are recently reviewed
in van Leeuwen and van Steenhoven [10]. Here we will
focus on the more global models, using the Pennes bio-
heat equation.
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2 Scalp cooling to prevent hair loss due to
chemotherapy

Chemotherapy often makes cancer patients lose some
or all of their hair. Although temporary, this hair loss is a
much feared side effect of the therapy. Cooling the scalp
during chemotherapy treatment can prevent or reduce
hair loss (Protiere, [14]) thanks to two mechanisms. The
first is a reduction in skin blood flow during cooling,
which reduces the delivery of the drugs. The second is



slower cell metabolism due to the lower temperature, re-
sulting in less susceptibility to the drug. The success of
scalp cooling varies strongly (Grevelman, [4]) which can
be attributed to a lack of insight in the temperature de-
pendence of these mechanisms and resulting uncertainty
over the best cooling protocol. This is compounded by
possible local variations in skin temperature and blood
flow during cooling. Hence, a computer model is being
developed which will describe all aspects of scalp cool-
ing. The model includes sub-models to describe drug
transport, heat transfer and hair follicle damage. Experi-
ments are being conducted to find the necessary physio-
logical and biological relations (Janssen et al., [6]). With
the model complete, it will be possible to optimize the
design and cooling protocol of scalp coolers. Here we
will show some intermediate results.

The numerical model describing heat transfer in the
head uses the Pennes heatsink (although perfusion in
this case raises temperatures) equation. It was shown
before that temperatures in a cooled neonatal head pre-
dicted with the Pennes model agreed well with predic-
tions made including detailed discrete vasculature (Van
Leeuwen et al., [8]). The head is approximated by a
sphere, with layers representing different media: brain,
skull, fat, skin, and hair (van Lenthe et al., [11]). Nor-
mal temperature profiles were first calculated, with me-
tabolism and perfusion fixed at their basic values
(Janssen et al., [7]). Subsequently the head was cooled
by addition of a cap that was continuously supplied with
cooling fluid with a temperature of -8°C. The normal
tissue temperatures were used as the reference tempera-
tures in the temperature dependent metabolism and
blood flow relations and new steady state solutions were
calculated. For typical tissue characteristics and hair
layer thickness (see Fig. 1) the skin temperature drops
from 34°C to about 18°C. It was shown that the thick-
nesses and thermal conductivities of the fat and hair
layers are the most important parameters that influence
skin temperature and perfusion. A hair layer thickness
of 2 mm instead of the basic 1 mm decreased the skin
temperature drop by 3.5°C, while instead a 0.5 mm
layer increased the temperature drop by 8.2°C. In the
former case the perfusion was still one third of that
without cooling, but in the latter case the perfusion was
less than one seventh. For the clinic, this means that a
good fit of the cap is essential.

The large variation in perfusion reduction suggests
that temperature is a major factor determining the
amount of drugs delivered to the hair follicles. The
temperature/perfusion model provides the necessary
boundary conditions for a physiology based Pharma-
cokinetic (PBPK) model (Gustafson et al., [5]). Ac-
counting for perfusion and temperatures of the scalp
skin, the total amount of drugs that are delivered to the
hair follicles can be estimated. The subsequent relations
between drug delivery, extra cellular concentration,
temperature, and hair follicle damage will be experi-
mentally determined in the near future. The combina-
tion of sub-models will result in a complete model that
can help in optimizing scalp cooling for hair loss pre-
vention.
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Figure 1: Upper left: configuration of the head model. Up-
per right: a typical scalp-cooling helmet. Down: tempera-
ture distribution in the head before and during cooling.

3 Human thermoregulation

The human body, when healthy, maintains its core
temperature of about 37°C within small margins. The
core consists of the brain and the internal organs in the
trunk. Temperatures in the remaining parts of the body -
“the periphery": surface tissue and the limbs - are much
less constant. When environmental conditions vary, core
temperature is maintained partly by behaviour (e.g.
clothing), and partly by the body's thermoregulatory
system.

Several models have been developed to describe
whole-body heat transfer, from just two nodes describing
core and periphery (e.g. Gagge et al., [3]) to multi-
segment, multi-layered models. A recent model is that
developed by Fiala et al. [1,2], which we adapted for our
purposes (van Marken Lichtenbelt et al., [12]). The
anatomy in Fiala's model consists of ten elements, see
Fig 2, refining the earlier six segment model by Stolwijk
[17]. Heat exchange with the environment takes place at
the skin, and in the lungs/respiratory tract. The heat
exchange by convection between skin or clothes surface
and ambient air is described by a combined convection



coefficient that considers both natural and forced
convection. Also the heat losses due to radiation and
evaporation are taken into account. Within the body,
elements are made up of concentric tissue layers and
heat transfer is modelled using the Pennes equation, with
perfusions under control of the thermoregulatory system.
By increasing or reducing blood flow to the skin, the
body can increase or lower the skin temperature and
hence its heat transfer to the environment. The
thermoregulatory relations (Fiala et al., [2]) for blood
flow, as well as those for shivering and sweating were
found by using regression analysis on measured data
from a large number of experiments.

outer skin
inner skin
fat

muscle
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Figure 2: Top: Schematic representation of the model
anatomy. The model is built from cylinders and a sphere
for the head; the elements are divided in concentric lay-
ers and the layers, apart from the core are divided in sec-

tors. Down: A schematic representation of the contact
area of a person sitting on a pew with heat sources.

One informative use of the whole body model is the
evaluation of different heating systems in monumental
churches. Large temperature variations are damaging for
the paintings, but high ceilings and poor insulation make
the energy cost of constant heating in winter prohibitive.
A possible way to save paintings and energy and still
provide thermal comfort to churchgoers is by heating lo-
cally instead of heating the entire hall. This might be
done by installing heating elements in the pews. In order
for the heating system to work as effectively as possible
experimental and numerical investigations are under
way. The effect of radiative heaters in the pews is meas-
ured and calculated. A remarkable finding is the large in-
fluence of posture changes (sitting, standing) during the
service.

4 Cardiac Surgery

Cooling is widely used to reduce metabolic demand
and protect vital organs during open heart surgery. Dur-
ing cardiac surgery with cardiopulmonary bypass - the
majority of cardiac surgical interventions - cooling is
performed by means of the heart lung machine (HLM).
The procedure consists of six distinct phases as detailed
below:

1) The patient is anaesthetized. Due to anaesthetics the
patient's metabolic rate is lowered and the threshold
for vasoconstriction shifts to lower core tempera-
tures. Furthermore the anaesthetics often contain
vasodilatators. This leads to a lowering of the core
temperature by approximately 2°C.

2) The first stage of the actual surgery: the thorax is
opened.

3) The body is connected to a HLM which takes over
the functions of heart and lungs. The HLM contains a
heat-exchanger in which blood exchanges heat with
water. In this stage the patient is cooled by adjusting
the water temperature.

4) The main cardiac surgical procedure takes place and
the body is kept at a constant low temperature. The
temperature depends on the surgical intervention and
can be near 30°C but also as low as 16-18°C.

5) On nearing completion of the surgical procedure the
body is warmed at a steady rate by adjusting the wa-
ter temperature of the heat exchanger. Rewarming
must take place slowly in order to prevent cell dam-
age. Because of their higher perfusion, core body
parts (thorax and brain) react faster on rewarming
than peripheral parts (arms and legs).

6) Once the core organs have reached the target tem-
perature the patient is disconnected from the HLM
and consequently control over the core temperature is
relinquished. This often results in a phenomenon
known as afterdrop: the core temperature temporarily
drops. This effect is considered to be a result of the
large temperature difference between the core and
peripheral regions at the moment of decoupling
(Sessler, [15]).

Patients who experience a large afterdrop need longer
to recover and may experience more post-operative com-
plications than patients who do not. Clinicians try to
minimize the afterdrop as much as possible. Often
forced-air heating blankets that are draped over the pa-
tient’s legs are used in the rewarming phase. In this way
the temperature gradient between the core and the pe-
riphery decreases. For the prevention of the afterdrop ef-
fect more knowledge about heat transfer in the anaesthe-
tized human body during cardiac surgery is needed. We
are building a numerical thermal model of the patient
that can be used by clinicians to determine the optimal
warming protocol in order to avoid afterdrop.

If the normal thermoregulatory model can be thought
of to consist of two layers, describing respectively the
physics of the system and the changes in this system by
thermoregulation, then anaesthesia adds a third layer, de-
scribing the changes in thermoregulatory relations by
anaesthetics and other drugs (van Leeuwen et al., [9]).



The most obvious change due to anaesthetics that should
be implemented is a lowering of the thermoregulatory
thresholds for vasoconstriction and shivering. Because a
perioperative phase in which the effects of anaesthetics
gradually wear off may need to be modelled, a variable
was introduced that is a measure for the level of anaes-
thesia, Ca (0 < Ca < 1). There is currently only one vari-
able Ca in the model, but it could be useful to consider
using multiple anaesthetic variables in the case of multi-
ple agents, and/or to have different Ca’s for different tis-
sue types in the body, reflecting different rates of uptake.
Temperature shift parameters were introduced that shift
the normal thermoregulatory thresholds. Because the
thermoregulation should be the same as normal for Ca =
0, these shifts were made dependent on the depth of an-
aesthesia.

Apart from the anaesthesia, several particular
conditions that are pertinent during (cardiac) surgery
need to be accounted for in the computations. E.g. the
open thorax and the immediate effect of heating
blankets. With respect to the latter, the heat transfer
coefficient of Bair Hugger blankets (Arizant Healthcare,
Eden Prairie, MN, USA) was experimentally determined
from measurements of the time evolution of the
temperature of a solid aluminium cylinder wrapped in a
Bair Hugger blanket.

T|r_ne Simulation
[min]
0-70 Supply anaesthetics: Ca=1,
Tr0om=18°C, shivering prohibited
20-160 Cc_>oI|ng pa_tl_ent till 30°C, Ca=1, shiv-
ering prohibited
i Rewarming till 37°C , using heating
160-210 blanket, Ca=0
i Decoupling from heart lung machine,
210-270 using heating blanket, Ca=0

Table 1: Characteristics of the surgical procedure simu-
lated with the model

With the “in progress’ model we simulated the tem-
perature course during a cardiac operation (Severens et
al., [16]). The procedure is characterized by the values in
Table 1. In the simulation shivering is impaired during
the first two phases. During the last two phases (t=160-
270 min.) we assume that shivering is re-establishing.
Also vasomotion is returning to a normal level. In Figure
3 the results for core and peripheral temperatures are
shown. This result shows the main temperature charac-
teristics as also observed in literature, like the slower re-
action of the periphery compared to the core to the arte-
rial blood temperature changes prescribed by the HLM
and the characteristic afterdrop after decoupling the
HLM.

Uncertainties in the model exist about the moment
shivering actually starts and the chosen values in the
vasomotion relations during surgery. Clinical data is now
being collected to validate and refine the control

equations - vasodilatation,  vasoconstriction  and
shivering - for patients that undergo open heart surgery.
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Figure 3: Core and peripheral temperature (down)
computed for the operation with characteristics as in
Table 1. Deep brain (solid line) and deep leg (dashed)
temperatures are plotted. In the upper figure a typical
heating blanket is shown.

4 Conclusion

Intricate biological and physical processes determine
temperatures in  humans. With the appropriate
assumptions and simplifications usable predictions can
be made. To make precise predictions for individuals in
specific conditions extensive data acquisition is
essential. For detailed temperature distributions this will
include acquisition of tissue and vessel anatomy. For
overall behaviour this could mean many individual
parameters influencing thermoregulation.

Acknowledgements

The PhD-students ir. F.E.M. Janssen and ir. N.M.W
Severens perform most of the work presented here. The
projects are carried out in close collaboration with medi-
cal partners. The human thermoregulation is investigated
together with dr. W.D. van Marken Lichtenbelt (Human
Biology, Maastricht University), the scalp cooling to-
gether with dr. W.P.M. Breed (former Catharina Hospi-
tal) and the rewarming of patiens after cardiac urgery to-
gether with prof. B.A.J.M. de Mol (Academic Medical



Center, Amsterdam). The church-heating problem is ana-
lysed together with ir. D. Limpens-Neilen and dr. H.L.

Schellen

(FAGO, Eindhoven University of Technol-

ogy). We are fortunate that in building our own models
we could build on the model developed by dr. Fiala, now
at De Montfort University (UK).

References

[1]

[2]

(3]

[4]

(5]

6]

[7]

8]

D. Fiala, K.J. Lomas, M Stohrer, A computer
model of human thermoregulation for a wide range
of environmental conditions: The passive system, J.
Appl. Physiol., 87:1957-1972, 1999.

D. Fiala, K.J. Lomas, M Stohrer, Computer predic-
tion of human thermoregulatory and temperature
responses to a wide range of environmental condi-
tions, Int. J. Biometeorol., 45:143-159, 2001.

A.P. Gagge, J.A.J. Stolwijk and Y. Nishi, An effec-
tive temperature scale based on a simple model of
human physiological regulatory response, ASH-
RAE Trans, 77:247-257, 1971.

E.G. Grevelman and W.P.M. Breed, Prevention of
chemotherapy-induced hair loss by scalp cooling,
Ann. Oncol., 16: 352-358, 2005.

D.L. Gustafson, J.C. Rastatter, T. Colombo and
M.E. Long, Doxorubicin pharmacokinetics: Mac-
romolecule binding, metabolism, and excretion in
the context of a physiologic model, J. Pharm. Sci.,
91: 1488-1501, 2002.

F.E.M. Janssen, G.M.J. Van Leeuwen and A.A.
Van Steenhoven, Biological and physiological
mechanisms of scalp cooling to prevent chemother-
apy induced alopecia, Proc. Ercoftac Work-
shop/Abiomed Advanced Course on Blood Flow
Modelling and Diagnostics, Abiomed Lecture
Notes 6, Editor: T.A. Kowalewski, Warsaw, 405-
414, 2005.

F.E.M. Janssen, G.M.J. Van Leeuwen and A.A.
Van Steenhoven, Modelling of temperature and
perfusion during scalp cooling, Phys. Med. Biol.,
50: 4065-4073, 2005.

G.M.J. Van Leeuwen, JW. Hand, J.J. Lagendijk,
D.V. Azzopardi and A.D. Edwards Numerical
modeling of temperature distributions within the
neonatal head Pediatr. Res. 48: 351-356, 2000.

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

G.M.J. Van Leeuwen, F.E.M. Janssen, W. van
Marken Lichtenbelt, B.A.J.M. de Mol, A.A. van
Steenhoven, Modelling patient temperature for im-
proved thermal management during surgery, Proc.
ASME -ZSIS International Thermal Science Semi-
nar 1l; Editors: Bergles, A.E. et al., Bled, Slovenia,
363-368, 2004.

G.M.J. Van Leeuwen and A.A. Van Steenhoven,
Heat transfer in humans- local and whole-body,
Proc. Ercoftac Workshop/Abiomed Advanced
Course on Blood Flow Modelling and Diagnostics,
Abiomed Lecture Notes 6, Editor: T.A.
Kowalewski, Warsaw, 205-242, 2005.

G.H. Van Lenthe, J. de Hoogh, W.P.M. Breed,
A.A. van Steenhoven, Numerical modeling of scalp
cooling to prevent hair loss induced by chemother-
apy, Proc. 12th International Heat Transfer Confer-
ence; Editors: J. Taine, Grenoble, Vol.4: 555-560,
2002.

W.D. Van Marken Lichtenbelt, A.J.H. Frijns, D.
Fiala, F.E.M. Janssen, A.M.J. van Ooijen , A.A.
van Steenhoven, Effect of individual characteristics
on a mathematical model of human thermoregula-
tion, Thermal Biol., 29, 577-581, 2004.

H.H. Pennes, Analysis of tissue and arterial blood
temperature in the resting human forearm, J. Appl.
Physiol., 1:93-122, 1948.

C. Protiere, K. Evans, J. Camerlo, Efficacy and tol-
erance of a scalp--cooling system for prevention of
hair loss and the experience of breast cancer pa-
tients treated by adjuvant chemotherapy, Support.
Care Cancer, 10:529-37, 2002.

D.I Sessler, Perioperative heat balance, Anesthesi-
ology, 92: 587-596, 2000.

N.M.W. Severens, WD. van Marken Lichtenbelt,
G.MJ. van Leeuwen, A.A. van Steenhoven and
B.A.J.M. de Mol, Heat transfer in cardiac surgery-
a numerical and experimental approach, Proc. Er-
coftac Workshop/Abiomed Advanced Course on
Blood Flow Modelling and Diagnostics, Abiomed
Lecture Notes 6, Editor: T.A. Kowalewski, War-
saw, 439-450, 2005.

J.AJ. Stolwijk, A mathematical model of physio-
logical temperature regulation in man, NASA con-
tractor report CR-1855, Washington DC, 1971.



	Abstract
	1 Introduction
	Temperature influences the functioning of biological (sub)sy
	Heat transfer within the body takes place by means of conduc
	heatsink equation, in which the effects of all vessels are l
	2 Scalp cooling to prevent hair loss due to chemotherapy
	Figure 1: Upper left: configuration of the head model. Upper
	3 Human thermoregulation
	4 Cardiac Surgery
	Figure 3: Core and peripheral temperature (down) computed fo
	4 Conclusion

