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CHAPTER 1

Introduction

1.1 Clinical background of hypothermia

Thermal imbalances are common during surgeries that talee plnder general anesthesia.
This often leads to peri- and postoperative hypothermigpdttyermia is an abnormally low
body temperature, affiliated with core body temperaturss tkan 36C (Taguchi and Kurz,
2005). Hypothermia, even mild hypothermia (322389, is most of the time associated with
numerous adverse outcomes. In literature, it is reportadhypothermia increases the risk
for wound infection (Knighton et al., 1986; Sessler, 199%&%pairs immune function, causes
haematological problems (Valeri et al., 1987; Cereda anddiéé, 2004), decreases break-
down of drugs while the anesthetic effect stays equal (Eesk995) and causes postopera-
tive shivering, which is especially dangerous for patiehtd had heart surgery (Mort et al.,
1996). Low environmental temperature and especially ttermhcological impairment of
thermoregulatory defense mechanisms are the main caubgpathermia.

On the other hand, during some procedures, like during céatisn from cardiac arrest
(cf. Merchant et al. (2006); Storm et al. (2008)) and cardiagery, hypothermia is deli-
berately induced, as hypothermia provides protectionnsgaardiac and cerebral ischaemia
(local oxygen deficiency, which can lead to tissue damageledease in temperature lowers
metabolism, which decreases oxygen demand of the celleidmvay, there is less chance to
get tissue damage due to oxygen deficiency. At the end stageafdiac surgery, the body
is rewarmed with help of the heart lung machine. The majomtla¢difficulty of rewarming

is that heat is transferred to the core much faster than ibeatissipated to peripheral tissue.
Due to the resulting unnatural distribution of body heatjgrds often show an unwanted
drop in core temperature when the heart lung machine is géeduThis core temperature
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drop is called afterdrop. Afterdrop adversely affects vecy and methods have to be found
to minimize afterdrop as much as possible.

In this introductory chapter an overview is given of the pbiagy of thermoregulation
under normal circumstances. Thereafter, the influence e$thrsia on thermoregulatory
responses is explained. Then, actively induced hypotleeduiing cardiac surgery and the
occurrence of afterdrop is discussed in more detail. Néeig,éxplained why a new human
thermal model would help to gain more insight in the heatdfanprocesses during (cardiac)
surgery and would help to improve intraoperative tempeegpuotocols. Finally, the project
goal is defined and an overview is given of the approach araltayf the thesis.

1.2 Physiological aspects of thermoregulation

Normal thermoregulation

Core body temperature of mammals is a carefully guardedglogical parameter. Humans,
when healthy, maintain a core temperature of aboC3with only small variations during
the course of the day. The hypothalamus is the primary thexgubatory control center in
mammals. The thermal sensors, that are required for cantgimonitoring of the ther-
mal state of the body, are located in the core and skin. The skiface, deep abdominal
and thoracic tissue, spinal cord, and deep abdominal peridd the brain each contribute
roughly 20 percent to the information input that arriveshet hypothalamus. The tempera-
ture of the hypothalamus itself also contributes roughlyp2€cent of the information used
in thermoregulatory control (Sessler, 1997). Values highen the thresholds for warmth
or lower than the thresholds for cold trigger thermoreguiatiefenses. Values between the
thresholds for vasoconstriction and sweating lie in therthtreshold-range. In this range, no
thermoregulatory responses are activated. The intedi@shnge is normally about 0.
But it must be noted, that in physiology still different thies exist on body temperature con-
trol. In appendix A, an overview is given of the main pointsvadw. The outputs from the
thermoregulatory reactions counteract the temperatuegds caused by external or internal
disturbances. In this way a negative feedback system isgfdrm

Thermoregulatory responses

Thermoregulatory responses are predominantly under hsamrtaol; only in long-term adap-
tations hormonal processes play a role (Schmidt and The388)1 Three neural systems are
involved in thermoregulation: 1) the somatomotor systeat tlontrols the regulation of body
pose and movement, 2) the sympathetic system and 3) theypgrathetic system (figure
1.1).

The somatomotor system activates shivering and behavimesponses. Behaviour re-
sponse is the most effective thermoregulatory responseaBaural responses include re-
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sponses like dressing warmly, moving or adjusting the teatpee of the surrounding. Shi-
vering is an involuntary muscle activity that increasesrttetabolic heat production to two
to three times the normal value.

Reactions activated by the sympathetic nervous systeradaahon-shivering heat pro-
duction (also called non-shivering thermogenesis), vadimm and sweat secretion. Non-
shivering thermogenesis is mediated by receptors on nehatserminate on brown fat.
Brown fat contains a protein (UCP-1) that enables the diracisformation of substrate into
heat via mitochondrial uncoupling (Wijers et al., 2008).sdmotion comprehends the vas-
cular tone changes due to local alteration in smooth musmstdction and dilation. Due
to vasomotion, the resistance to blood flow in peripherabthleessels is affected, which
alters the amount of blood that arrives in the periphery drahges the amount of heat trans-
port to that location. Consequently, this will influence teeperature of the periphery and
therefore also the amount of heat exchanged with the enmieah The effect of vasomotion
is depicted in figure 1.2. In a warm environment vasodilatioours. The diameter of the

Figure 1.2: Body temperature distribution in warm and cold environment, after Schmidt
and Thews (1989). Heat transfer to the periphery can be much gedear reduced by
vasomotion, leading to increased or decreased heat transfer to ihenement. Core tem-
perature stays almost constant.

blood vessel’s interior is widened. This provides an insesaf blood flow to the periphery.
As a result, skin temperature increases, which leads to @ease in heat transfer to the
environment. The opposite mechanism, occurring in a colit@mment, is called vasocon-
striction and is defined as narrowing of the core-to-petighglood vessels by contraction of
the blood vessels’ muscular wall. By limiting the blood flawthe more peripheral parts, and
consequently to the skin, heat is retained in the core whileeasame time heat losses to the
environment are reduced because of the smaller skin-tweemmeental temperature gradient.
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When the body is too warm, sweat excretion is an effective ateth loose body heat
in a dry environment. Evaporation of sweat requires a loteattlihat is withdrawn from the
skin.

Most blood vessels are constricted and dilated by sympatsnuli. Parasympathetic sti-
mulation generally has almost no effect on blood vesselsdbes dilate vessels in certain
restricted areas, such as in the blush area of the face (GUy3T6).

Thermoregulation is often represented using a system e$lioids, gains and maximum
intensities. In those descriptions, the reaction thrasieotepresented by the temperature at
which that response is triggered. The gain of a system desctihe change in response inten-
sity, for instance the vasoconstrictor tone, as tempezdtuther deviates from the triggering
threshold.

Thermoregulation during surgery with general anesthesia
Influence of anesthetics

Anesthesia causes substantial perturbation in the hunerbbhince. Nearly all patients ad-
ministered anesthesia become hypothermic. Body core tetype decrease ranges between
1-3°C, depending on the type and amount of anesthesia, the gunger and the ambient
temperature and insulation (Sessler, 2000).

While under normal circumstances behavioural compensataitributes more than auto-
nomic regulation, under peri-anesthetic conditions oimhp@ired) autonomic responses con-
tribute. General anesthesia let the reaction threshotdshigh thermoregulatory reactions
are triggered, shift to values that deviate much more frofC3han under normal conditions.
The interthreshold range that is defined as the body temperednge where no response is
activated, may increase from about 0.2 t&€4see figure 1.3 (Sessler, 1995).

vasoconstriction sweating

shivering vasodilatation
| | | | |

normal

T core [°C]
33 35 37 39 41
.8
9]
=
§ vasoconstriction sweating
® shivering / vasodilatation
| | | | |
I I I I I T ore [°C]

33 35 37 39 41

Figure 1.3: Thermoregulation in a normal person and anesthetized person.
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Normally, anesthesia induced hypothermia develops witypecal pattern. During the
first hour, core temperature decreases by *@.5his drop is followed by a slower, linear
decrease in core temperature for 2-3h. Thereafter, theteorperature will stabilize (Kurz
et al., 1995a). The first drop is due to the induction of theegainanesthesia. Administration
of general anesthesia promotes vasodilation by two waylsy hifting the vasoconstriction
thresholds to lower values than normal, through which vasstiction is triggered at lower
temperatures than normal (indirect effect) and 2) a lot ektimetic agents contain vasodilata-
tors (direct effect). Vasodilation allows core heat to floaneh the temperature gradient to
the periphery. The second, slower linear decrease in congeature results from the preva-
lence of heat loss over metabolic heat production. Metaliwat production is reduced by
15-40% during general anesthesia (Matsukawa et al., 199&,; Sessler, 2000). The final
stage is the core temperature plateau. This type of situaiceached when heat production
equals heat loss. This situation can both exist with andawithactivation of thermoregulatory
responses, but the latter situation is more rare.

Temperature manipulation during open heart surgery

During open heart surgery, often a heart lung machine is. Sedjeries performed with the
help of a heart lung machine differ from other types of surgaerthat enormous amounts
of heat can be removed (cooling stage) or added (warming)staghe body. In most open
heart surgeries, hypothermia is deliberately induced dmeaypothermia offers protection
to ischaemia of heart and cerebral tissue. Target core t@types between 28 and 32 are
common for e.g. aortic valve replacements and coronaryyaltgass grafts, whilst during
surgery on the aortic arch the patient can be cooled to as $oh6al8C (Tindall et al.,
2008).

On nearing completion of the surgical procedure, the campégature is restored to pre-
bypass level by adjusting the temperature of the heat egahgifiuid. Typical time traces
of core and peripheral temperatures during and after casdieyery are shown in figure 1.4.
In the figure the different thermal stages of a cardiac syrge visible: the administration
of anesthesia preceding the cooling stage, the cooling stéth the heart lung machine, the
warming stage with the heart lung machine and the postbygtags.

Working principle heart lung machine

The principle of the heart lung machine (also known as pumygenator or cardiopulmonary
bypass pump) is quite simple, see figure 1.5. Oxygen-poadi®withdrawn from the right
upper atrium into a reservoir. From there, the blood is pumpeough an artificial lung,
also known as oxygenator. Here, the oxygen-poor blood comtescontact with the fine
surfaces of the device itself. Oxygen gas is delivered tarttezface between the blood and
the device, permitting the blood cells to absorb oxygen. dkygen-rich blood is actively
pumped back into the patient through a tube connected tartéead circulation. In modern
heart lung machines, also shed blood that is spilled in tleeatimg field around the heart is
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Figure 1.4: Typical core and peripheral temperature traces observed duritig walve
surgery in the Academic Medical Center in Amsterdam, The Netherlaedsalso chapter
3 of this thesis.

collected and returned to the heart. In this manner, thepiggiblood stores are preserved as
much as possible throughout the operation.

The patient’s body temperature can be controlled by codlin@peating the blood by
means of the heat exchanger in the oxygenator. This allowsuihgeon to use low body
temperatures as a tool to preserve the function of the hedrother vital organs during the
period of artificial circulation. Medication can be givemahgh connectors in the system.

To initiate heart-lung bypass, the patient’s clotting eystmust temporarily be deacti-
vated by an anticoagulant, called heparin. Otherwise, #tiemqts blood would immediately
clot when being exposed to the heart lung machine. To stopeag beat, a cold cardioplegia
solution is mixed with blood and infused into the coronamguglation. Also, cold saline is
poured over the heart. The heart is then usually safe fraudigjury for 2 to 4 hours.

When the intervention of the heart has been completed, the beat is restored by
increasing the arterial inflow temperature. When the pasiboidy temperature is at a normal
level and the strength of the heart’s own contractions @stenough, the heart lung machine
can be withdrawn. At this stage, the tubes are removed frerpdlient’s circulation, and the
anticoagulation medication is reversed.

Afterdrop

A drawback of rewarming with help of the heart lung machintaé heat is transferred to the
core compartment (brain and trunk) more quickly than to tepheral compartment (arms
and legs), see also figure 1.4. At the end of the pump warmisg, #iough core temperature
is restored to pre-bypass levels, a considerable amourass of peripheral tissue remains at
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Figure 1.5: Heart lung machine circuit diagram. Components represent: A) Gardio
lines, B) Oxygen/Air blender, C) Water heater/cooler, D) Venous liné/dg} line, F) Re-
circulation line, G) Pump loop, H) Arterial line 1) Patient J) Arterial filter K)elhbrane
oxygenator L) Venous reservoir. Figure partly based on instructianuaiaof COBE Car-
diovascular, Inc. Arvada, USA.

subnormal temperature. After disconnecting the pump, tidly 5 allowed to self equilibrate.
Since the vasoconstriction response that would occur uratenal conditions is impaired by
the administered anesthesia (Matsukawa et al., 19954) rédiatribution takes place from
the warm core to the colder periphery (Sessler, 2000). Thises 'afterdrop’ which is a
decrease in the temperature of the core organs (visibleipdbtbypass stage of figure 1.4).

Clinicians try to reduce afterdrop as much as possible g.gsing forced-air heaters and
circulating water mattresses, as afterdrop increasesigkeof complications (Polderman,
2004) and causes thermal discomfort. In the postoperasiviegh when body temperature
again increases, oxygen demand due to shivering, vemilatguirements, and myocardial
work may increase enormously. These variables increasgsthor cardiac arrest, myocar-
dial ischemia and infarction (Cook, 1999).

In order to minimize afterdrop as much as possible, morglrish heat transfer mecha-
nisms during surgery and the effect of different protocbiswdd be gained.

1.3 Human thermal models

The understanding of the dynamic heat transfer in the pagievironment system and its
effect on the transient physiological response is impoff@animproving intraoperative tem-
perature protocols. Many researchers (like Stolwijk ()9¥¥yndham and Atkins (1968);
Gagge (1973); Gordon (1974); Wissler (1985); Xu and Werdé87); Fiala et al. (1999,
2001); Huizenga et al. (2001); Tanabe et al. (2002); Salletral. (2007); Wan and Fan
(2008)) have contributed to the modelling of the physiatagiresponses of humans during
thermal transients. One reason for the development of a natlhematical human thermal
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model is that all existing models focus on the dynamic pHygsgical behaviour of the healthy
human body, with intact thermoregulatory responses. Atingly, these models are not suit-
able for predicting body temperature during anesthesiarebeer, the models miss details
that are essential for modelling cardiac surgeries. A méaolesimulating cardiac surgery
should at least contain modules that account for the phasiogical-induced thermoregula-
tory impairment, the thermal influence of heart lung mactand equipment like forced-air
heaters and heating mattresses.
Another reason for the development of a new thermo-phygicéd model is that this research
field still leaves a lot of room for improvement. Modellingetbody, the body properties and
the heat interaction with the environment (passive par)deen extensively improved over
time, where Stolwijk’s (1971) work is often used as the bagiproach. Modelling physio-
logical responses (active part), on the other hand, islesi accurate. Thermal regulatory
responses and person-to-person variations in thermaegylresponses are not understood
sufficiently well that they can be used to model exactly whatuos in the body. Various
empirical relationships are used in the models to relat®facsuch as blood flows to various
external conditions. A strategy that is often followed toigesuch empirical relations is the
use of an iteration scheme with which control parametersbeafound that give the mini-
mum difference between measurements and simulation (eglo@ (1974) and Fiala et al.
(2001)). This method is prone to errors, as small errorseémptissive model can have major
influence on the found control parameters. Other model nsdiker Tanabe et al. (2002) and
Wan and Fan (2008) still use the same tentative values a®gedpy Stolwijk (1971). It
is quite likely that most models use relationships that arfact only surrogates for the true
control variables in the body and/or the relationships afg orude representations of the re-
lationships actually employed by the body (Jones, 2002¢rdfore, it is desirable to develop
a thermal model that is based on physiological control emthat are directly derived from
measurements. In this way, the active part is formulatedpeddent from the passive part.
A benefit of having a thermal patient model is that it can belueestudy the influences
of different temperature protocols without directly exipgspatients to conditions for which
the result is unknown. In a later stadium, it is conceivablede the model, in addition to
using it as a study tool, for the development of an advisoryitooing system that can be
used as an assist tool in the surgery room.

1.4 Goal and thesis outline

This thesis focuses on the development of a mathematica¢htioat is able to describe heat
transfer in humans during hypothermic surgery and that eawskbd to study the effect of dif-

ferent protocols on body temperature. With help of the moekgbecially the afterdrop effect

occuring after cardiac surgery will be studied. To that endre knowledge is needed about
the effect of different protocols on thermoregulatory @sges and temperature distribution
in anesthetized persons.

Mathematical whole body temperature models are usefu$ timotjuickly estimate the tem-
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perature response of the body due to changes in environhoamiditions. However, previ-
ously developed human thermal models are restricted toide@smctemperature responses of
persons with an intact thermoregulatory system, and do & bnough detail for simulat-
ing (cardiac) surgeries. Those models are therefore ntatdaifor predicting temperatures
of anesthetized patients with impaired thermoregulatesponses. Therefore, in this thesis
heat transfer of patients undergoing hypothermic surgestudied by means of numerical
modelling and performing experiments. The model that wasldped consists of three parts:
1) a passive part, which gives a simplified description otthman geometry and the passive
heat transfer processes, 2) an active part that takes intmatthe thermoregulatory system
as function of the amount of anesthesia and 3) submodetgighrwhich it is possible to ad-
just the surgery (e.g. influence drugs and heart lung magxhime patient specific boundary
conditions. Several experiments were performed on patamd volunteers in order to refine
and validate the computational model.

The passive part of the human body, that describes the pdssat transfer processes in
the body, is explained in chapter 2. Formulations are gieerhie heat losses that take place
by means of convection, radiation, evaporation and respiraAlso the boundary conditions
that were used to model cardiac surgery are described here.

Chapter 3 elaborates on experiments performed on two grofugsrtic valve patients
from which one group was warmed with forced-air heating ddther with only passive
insulation. By simultaneously measuring core temperatki® temperature, perfusion and
deep peripheral temperature more insight is obtained irefieet and working principle of
forced-air heaters. Moreover, the measured data alsodaewnformation that is useful for
the formulation of an active model.

Thresholds at which thermoregulatory reactions are trigidyelepend on the amount of
drugs in the blood. A pharmacological model was used to tatiethe blood propofol (an of-
ten used anesthetic agent) concentration. With help of #esorements described in chapter
3, the threshold for vasoconstriction as function of theotdldrug concentration was derived.
As a first approach a stepwise model was used to model thesityterf the vasoconstriction
response. The development of this active model and vabidatf the whole body model is
described in chapter 4.

For the refinement of the vasoconstriction model, detadedllskin temperature and local
tissue blood perfusion measurements were performed omteats, as described in chapter
5. Ten healthy male volunteers participated in an experiatestudy design. With help of
laser Doppler flowmetry, skin perfusion at the toe, leg amd&as measured simultaneously
with skin temperature and core temperature. Two methode wensidered to model skin
blood flow: the established relation of Stolwijk (1971) inialinvasoconstriction and vasodi-
lation are treated differently, and a newly proposed limekation where vasoconstriction and
vasodilation are implemented in a similar linear way. Wighghof the collected measurement
data, physiological values for the proportional amplifizatcoefficients for vasoconstriction
of the toe, leg and arm and the transient vasoconstrict@ teere obtained. More detailed
experiments were then performed on two subjects to find digsiplogical values for the
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other body parts.

In chapter 6, validation studies were performed for differtgpes of surgery like ortho-
pedic back surgery and cardiac surgery under deep hypoidnémwolving circulatory arrest.
Finally, the computer model was used to study different terafure protocols.
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Introduction




CHAPTER 2

Passive model of bioheat transfer*

2.1 Introduction

Engineering models describing the human thermal systera haen the subject of many
studies. The human thermal system is very complex, and sioaplons have to be made to
formulate a mathematical model. This had led to differentlefiing approaches with various
assumptions and complexity and with widely varying numlzdéngariables involved.

Most human thermal models are split up in two systems: théralbed passive system
and the controlling active system. The passive system gidescription of the human geo-
metry in a simplified way and takes into account the heat prtoi, the heat transport within
the body and the heat exchange with the surroundings. The aststem is normally de-
scribed with control equations for thermoregulatory resgs. For anesthetized persons, an
extra model is required that takes into account the amouahes$thetic drugs. An overview
of the model that was developed in this current work is showfigure 2.1.

This chapter focusses firstly on the design of the passiveeheod! the heat interactions
that take place with the external environment. Secondlygstidption is given of the sub-
models that are needed to describe the body charactegsiticthe boundary conditions. The
development of the active part is outlined in chapter 4.

Two main continuum approaches exist for modelling the passiodel: mathematical
models based on a simplified one-cylinder configuration aathematical models based on
multi-segments. Examples of one-cylinder models are tloatwde (core and shell) model of

*Parts of chapter 2 and 4 have been published in:
Severens N.M.W, Van Marken Lichtenbelt W.D., Frijns A.J.¥an Steenhoven A.A., De Mol B.A.J.M and Sessler
D.l. (2007). A model to predict patient temperature duringl@ar surgeryPhys Med Bigl52:5131-5145.
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1) Passive part < 3) Submodel
« boundary conditions
« body characteristics

2) Active part:

! Pharmacological
« vasoconstriction: Csy ..

model:
* concentration,

propofol

&
<

Figure 2.1: The human thermal model consists of three parts: 1) the passive2jpéne
thermoregulatory part, that is coupled to a pharmacological modelea@g&t that gives a
description of the boundary conditions and body characteristics.

Gagge (1973), the multilayer model of Wyndham and Atkin®@)%nd the three part model
of Tindall et al. (2008). In contrast to the one-cylinder models, multisegmentatiel®
divide the body into more segments. Stolwijk (1971) was tist iinvestigator who presented
such an extensively detailed model. Later, Gordon (197@laFet al. (1999); Huizenga
et al. (2001); Tanabe et al. (2002); Salloum et al. (2007)n\éad Fan (2008) developed
models that were based on the concepts of the Stolwijk mddékrent in the continuum
formulations is that local temperature inhomogenitiessedlby the larger vessels can not be
predicted.

In contrast to the continuum approach, Kotte et al. (199@¢ldped an alternative model,
in which vessels and tissue are separated. With help ofMeasking by using MRA, discrete
vasculature was modelled. Although this method providesxaellent description of local
thermal behaviour in the tissue, large efforts need to beemtadbtain MRA-images and
translate them to a usable shape. Calculations with thighawd much more time-consuming
than using a lumped parameter approach. A recent model peddny Salloum et al. (2007)
combines the lumped approach to describe tissue propetities detailed description of the
arterial system including blood flow pulsation and heawt rat

For our purpose not much local details are required. Henamnéinuum model will
provide abundant information for our application. The diggion of our passive model will
therefore be based on a continuum approach, using the luhgegesink approach as pro-
posed by Pennes (1948). Simulations performed by Van Leeetval. (2000) showed that

*This model is published as:
Tindall M.J., Peletier M.A., Severens N.M.W., Veldman D.ddde Mol B.A.J.M. (2008). Understanding post-
operative temperature drop in cardiac surgery: a mathematiodél. Math Med Bio in press.
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using a lumped heat-sink model has little effect on the tptale nature in comparison to a
discrete vessel description; only more local details atainbd. We therefore feel confident
that the use of a continuum description for modelling thesivagpart will provide sufficiently
accurate results for this study.

2.2 The passive part

As a starting point for the development of the passive phetpassive model of Fiala et al.
(1999) was used. This model represents the human body uBibgdy segments. In our
model the number of body segments was increased to 19 booheseg(figure 2.2): a sphere
for the head and 18 cylinders representing trunk and limbsthé Fiala model, shoulder,
hands, feet, arms and legs were each modelled as one longisedgrhe leg segment there-
fore represented the right upper and lower leg as well asetteipper and lower leg. In

contrast, in the current model the peripheral body partewaplemented separately. This
makes the model more flexible for dealing with nhon-homogesdmundary conditions on

these body parts.

All segments consist of multiple concentric homogeneoysr representing different tissue
types like bone, fat, muscle and skin. Each tissue layeristsnsf one or more tissue nodes.
The segments are divided into sectors (e.g. anterior, postnd inferior, see figure B.1) on

which asymmetric boundary conditions can be imposed.

I,

(a) (b)

Bone
Muscle
Fat

Inner skin

Outer skin

blood pool

Figure 2.2: (a) Representation of our passive body model. The cylinder giviesfaession

how a body part (in this example the leg) is represented in the model. flag&ntation of
the Fiala et al. (1999) model. Both models are based on a central blodd po
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Heat transfer in the tissue is modelled by the Pennes’ biadgeation (Pennes, 1948):

orT
pear = EV2T + pperwy(Ta —T) + ¢ (2.1)

in which p, ¢ andk are density, specific heat and thermal conductivity, rebpy. T is the
local tissue temperature afify the temperature of the perfusing bload.is the volumetric
perfusion rateg the metabolic heat production and subsctiptescribes a blood property.
The Pennes’ bioheat equation is applied to all tissue nodiegy uhe appropriate material
constants, adapted from Fiala et al. (1999). An extensstefimodel properties is given in
appendix B. The Pennes’ equation is only solved in radialdiion. The validity and utility of
the Pennes’ equation has been reviewed by Arkin et al. (199iékler (1998); Van Leeuwen
et al. (2000); Staczyk et al. (2007). As not much detail is required, the Peshmedel will
serve the purpose for the current thermal model.

The arterial blood temperature in the human model was aedlby assuming that the
returning venous blood is mixed in a virtual mixing vessie& tentral blood pool. The tem-
perature of the mixed venous blood is the arterial tempegdtu the next time step. In some
elements (viz. shoulders, arms, hands, legs and feet) te@oourrent heat exchange takes
place between arteries and veins. In that case, the loc@eieturel’,, in those segments
equaled the arterial temperature after counter curreneixeaange. Hence, the arterial blood
temperature can be different in various body segments. dtster current coefficientd()
are based on Fiala et al. (1999) (see appendix B, table Biflj, tmust be noted that in liter-
ature no reliable data exists for these coefficients. Fiadd. eletermined the values by trial
and error procedures in which the coefficients were adjustazbtain agreement between
local skin temperature as predicted and measured. Althaoghdependent verification of
those values was possible because of lack of experimeritglithwas observed that changing
the coefficients to extreme values @fh, and2h, changes the core and skin temperature
with maximally 0.PC with respect to the original values. Hence, it is expeched ho big
errors are introduced in the model predictions by the ingsyuof ..

2.2.1 Boundary conditions

The Pennes’ equation accounts for all the heat exchangmgepses that take place in the
body, but not the exchange between the body and the envimdnnigerefore, boundary
conditions are needed that take into account the heat egttftamechanisms between the
body and the environment. A distinction is made between #a bxchange mechanisms
that take place from the body surface, the heat losses desparation and the losses due to
conduction.

Heat exchange with body surface

At the body surface, heat exchange takes place by convectidiation and evaporation, see
figure 2.3. The net heat loss through a skin part is the eanvalf the sum of contributions
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passing through that surface:

1! . 1/ /!
Qskin = Yconvection + Qradiation + qevaporation (22)

with ¢” the heat transfer rate per surface andaf 2.

evaporation(23% E

radiation(67%)

/ convection(10%)

T.=24°C

Figure 2.3: Heat exchanging mechanisms between body surface and environmen

Convection
The convective heat flux is modelled by:

qt/:/onvection = hcﬁmix(Tskin - Toc) (23)

whereh, mix Is @ combined-convection coefficiefft,, the surface temperature of the
segment and’,, the temperature of the surroundings. The mixed convectefficient
was taken from Fiala et al. (1999) and yielded:

hc,mix = \/anat V Tskin - Too + QfrcVa,eff + Amix (24)

whereay,t, ase andamix are regression coefficients ang.q is the effective relative
air speed. In appendix B table B.1, values for the regressieifficients are given. In
addition, relation (2.4) is compared with alternative medie section B.2.

Radiation
Radiative heat flux per surface area between two diffusg-gueaces is described by:
o(Ty —T3)

Qradiation = T—e, 1 T—eo (25)
e1 A A1 F12 €2 s

with o the Stefan Boltzmann constant (= 5.67-10~3Wm—2K~%), F}, the geo-
metric view factor and the emissivity. The first and third terms in the denominator
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of equation (2.5) can be considered to account for the seiriegistances to radiation,
whilst the second term accounts for the spatial resistdfiaéa et al. (1999) introduced
sector view factors)y, that were defined with help of a finite element-method, that ac
count for the spatial radiative resistance between the hiody and the surrounding.
Equation (2.5) was then rewritten, for a certain sectorssr, a
4 4
q;/adiation,sr - Uw;r(TSkil fOlO) (2.6)

Eskin €co

where they, values were taken from Fiala et al. (1999) (see table B.2hs&ipts
skin andoo represent skin and ambient properties, respectively. rReging equation
(2.6) gives:

qgadiation,sr = hr(Tskin - Too) (27)

where the radiative heat transfer coefficient)(is represented by:

oYsr (Ts4kin — Téo)
1 + - 1 (Tskin - Too)

Eskin €oco

hy = (2.8)

Evaporation

Even in cold conditions, evaporation of moisture takeslda the superficial cuta-
neous layer, where sweat glands are located, moisture &yalpresent. It is assumed
that the vapour pressure at this location is equal to thea#in value, given by the
Antoine equation:

18.965—

4030
Douter skin,sat = 100e outer skin T235 (2.9)

With pouter skin,sat IN Pa and the temperatureig.

Active sweat production during hypothermic surgery is rikaly. Therefore, only the
normal evaporation process was implemented. Assumingnihahoisture accumu-
lates, the evaporative energy transport through the olkier(with a moisture perme-
ability =—— of 0.003 WnT2Pa ) to the skin surface equals the energy transport

Rp,skin ) i i o
from the skin surface to the environment with the evapoeativefficient/y:
" Pouter skin,sat — Pskin,surf
qevaporation = UE (pskin,surf - poo) = (210)
Rg skin

in which Uz, [Wm~2Pa '] depends on the evaporative resistance of clothing and the
mass transfer resistance through the air near the skin, éoe metails and clothing
values see section B.3, Fiala et al. (1999) and MclIntyre@L98

From (2.10) follows that the vapour pressure at the skireserpqyin surf) is equal to:

UEpoo + pouéer s‘ki>n,sat
1E},skm (211)
Ug +

RE skin

Pskin,surf =
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wherep,, represents the vapour pressure of the ambient air givenby= ¢psas,

with ¢ the relative humidity ang,,; the saturated vapour pressure at a certain ambient
temperature.

Combining equation (2.10) and (2.11) leads to the followiglgtion describing evap-
oration during (hypothermic) surgery:

RE,skin

(2.12)
UE + RE,

Pouter skin,sat
" UEpoo +
QCvaporation = UE — Poo

1
skin

Respiratory heat losses

Although most heat is exchanged through the body surfae éxehange with the environ-
ment normally also occurs by means of respiration. Durirgliea surgery, no respiration
takes place when the heart lung machine is switched on, birtglthe anesthesia stage and
after disconnecting the pump, respiratory heat lossegiiake. It is assumed that heat losses
when artificial breathing is applied are comparable to nbmaspiratory heat losses. The
model for respiratory heat losses was based on the descriptiFanger (1973). The total
respiratory heat loss is the sum of the evaporative heatludgonvective heat losses:

(respiration = Lrespiration + Crespiration (213)

where the evaporative heat 1095, {spiration [W]) is given by:
Erespiration = 3.44 / GdV (2.77-1072 +6.5-10 5T, — 4.91-10%pyo) (2.14)
and the dry heat [0S€ X cspiration) IS represented by:
Chrespiration = 1.439-1073 / GdV (32.6 — 0.934T + 1.96- 10 *p) (2.15)

with ¢ representing the metabolic heat production and V the voloitiee body.

Please note: the dimensions of the constants in the em@goations are not mentioned for
better readability throughout the thesis.

The total respiratory heat l08S.spiration 1S distributed over body elements of the pulmonary
tract where the following distribution coefficients are dayed: 20%, 25%, 14%, 11% and
30% for the inner face muscle, the outer face muscle, innectatband of the neck, the outer
muscle band of the neck and the lung, respectively.

Conduction

During surgery the mattress, covered with a cotton drape luinhathe patient lies, and the
sterile surgical drape that covers the patient, provideagktermal insulation. In the simu-
lation, clothing parameters were enclosed with insulatialies of 0.9 clo for the mattress,
0.78 clo for the cotton draping and 0.83 clo for the sterileecaespectively (Brauer et al.
(2004b)). In appendix B, section B.3 the details of the ¢taihmodel are given.
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2.2.2 Numerical methods

The partial derivatives of the Pennes’ bioheat equatioh reispect to the radius were approx-
imated by a central difference scheme. On the interfacedstwo adjoining tissue layers,
boundary conditions are used that impose continuity of ematpre and heat flux across the
interface at distance;., using the method of Schuh (1957):

lim7T = lim T

r1rifc rlrifc

lim¢ = limgq (2.16)
r1rifc rlrifc

The time derivative in the Pennes’ equation was discretiztdthe Crank-Nicolson method.
This method is a linear combination of the explicit and irapliEuler scheme with weighing
factorsy = 3. Ford = 3, the method is second order convergent in bisttand Ar.

An infinite family of solutions exists to the set of time-deplent partial differential equations
that are solved. By prescribing the initial condition andibdary conditions, a unique solu-
tion is obtained. Hence, it should be realized that propemktedge of initial and boundary

conditions is of high importance for the predictive valughad model.

2.2.3 Numerical convergence
Number of grid points

Janssen (2007) performed a detailed analysis in which hepaed results obtained with
the discretized Pennes’ equation to known analytical Eoigtof a sphere with properties
that resemble biological materials. Temperature errote/dxn numerical and analytical
solutions were found to be of the order of typically 0G5

For our passive body model, standard calculations wereopeed with the 19 segments
model using 261 nodes in total (for the node distributioe, tséble B.3) with a time step of 1
minute. Under thermoneutral conditions, where no thergulegory responses are expected,
increasing the amount of nodes twofold, fourfold and eigldtied to convergent results in
which core temperature changed less than“@0&nd mean skin temperature changed less
than 0.02C. These values are of the same order of magnitude as the nmaxieasible
accuracy found by Janssen. Using more nodes than the staralae will therefore not lead
to an improved accuracy, but will only increase calculatiore.

Number of segments

In order to show the flexibility and the accuracy of the modelthe number of segments, the
model geometry of Fiala (with 10 body segments) was compiaredr body geometry (19
segments), see the schematic presentation in figure 2.2ofsize of the leg parts, and all
the tissue properties are kept constant (see for detalks Bah and B.3). For comparing the
two geometries, simulations were performed under ideinticaditions for both the 10 and
19 segmental-models: the passive naked body was exposdérnmparature of 30C for 60
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minutes, thereafter a stepwise change in temperatures pddkee to a temperature of Z0.
Temperatures stays at 20 for another 60 minutes. Simulation results are found inrégu
2.4,

It is seen that changing the number of segments (while kgegtimer properties like length
constant) gives, under symmetrical simulation conditiétkentical mean results. This is in
line with the expectations that the model results are indeeet of the number of peripheral
segments as long as the total sizes and the tissue propei¢se same and the boundary
conditions are mirror symmetrical. From this, it is con@ddhat the number of segments in
the body model can be extended or reduced for different wistances, without affecting the
model’s predictions.
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Figure 2.4: Core and mean skin temperature responses to a stepwise change imtempe
ture (from 30C to 20°C at¢=60 min) of a passive model built up of 10 segments and 19
segments. On top of the figure the core temperature results of the 1@rstsgfr) and 19

(—) segments model are given. At the bottom the mean skin temperature 4 gegments
(x) and 19 segments model () are shown.

2.3 Submodels

An advantage of the current model is the submodel sectioichainakes the model very
flexible. With help of the newly developed submodels, bodgrabteristics and boundary
conditions can be adapted. In this way, an accurate regeggenof the followed surgical

procedures can be used in the simulation. In this sectioveanview is given of the methods
that were used to account for individual body charactesséind the most important sub-
models for prescribing boundary conditions of a cardiagesiyr like the heart lung machine,
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forced-air heating, circulating water mattress and wouedl tloss. When simulating other
types of surgery, simulations can also be run without theehofithe heart lung machine.

2.3.1 Individual body characteristics

Contrary to the original model of Fiala et al. (1999), indiwal subject characteristics were
accounted for. The standard geometry was scaled in such thatyody composition data in
the model agreed with the body composition of the persoms fhe measurements. Previous
simulations have shown that predictions of a group can beawegl by adopting individual-
ized body characteristics (Van Marken Lichtenbelt et &Q2.

We developed a module that accounts for body shape and boey @ieight, weight,
percentage of body fat). There are two basic body shapeste'sand 'pears’. Apple shaped
people carry most of their excess body fat around their aletioamd middle, surrounding
internal organs, such as the heart. Apple shaped peoplenigiver risk of diabetes, stroke,
high blood pressure and gall bladder disease. Pear-shaopdepcarry their excess fat on
their hips and thighs. Pear-shaped people do not seem todsakigh risk of developing
above conditions as 'apples’ do. As the fat distributionmble and pear shapes is different,
this will affect the heat production and flow. Therefore tidistion will be made between
those two groups.

We use the following criteria (see table 2.1) for deterngnifna person is apple-shaped
(Lean et al., 1995). If a person does not fulfill these critethe body is considered pear-
shaped.

Table 2.1: Criteria for determining apple shaped persons.

Women Men
waist-to-hip ratio> 0.8 and waist-to-hip ratis 0.95 and
waist circumference- 80 cm waist circumference 94 cm

To incorporate the difference in size, length and body fa, hodel is adopted in the
following way. The standard model represents an averagewithra body mass of 73.5 kg,
a height of 1.71 m and a fat percentage of 14%. The actual hiedy$§the patient is scaled
relative to the standard model, by introducing a scalintpfak; given by:

H

A = —
' H,

(2.17)
where H is the actual length of the person afd is the length of the standard person. As
it is expected that the size of all body elements in adultiedozearly with the body, except
for the head, all element lengths are scaled with the fastor The head is scaled with
v/A1, which is arbitrarily chosen but more realistic than saghivith \;. The thickness of
the inner and outer skin layer is kept constant, since thekiieiss of the skin is relatively
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constant in a population. Next, for determining the thidsef the core and muscle layer
another scaling factoXs is introduced. The fat layer in the face, neck, shoulderakhand
abdomen is scaled withs, whilst the fat layer in the arms and legs are scaled With\;

for apple-shaped people and with a fackgrfor pear shaped people. In a population, it is
seen that when body weight and size changes, the thickndiss faft layer in hands and feet
does not change. Therefore, it was chosen to keep the fattlaigkness in hands and feet
always at the standard value. Then, the valuesjand\; were iteratively chosen in such a
way that the body masil,,.q, and the fat masa/;,, correspond to the mean characteristics
of the simulated subjects. A constraint in adaptiagand \; is that all tissue layers have
a minimum thickness of 1 mm, in order to prevent negativaugssdii. Typically, values
for A, and\3 are between 0.8 and 1.2. Finally, all tissue layer thickeessid segment sizes
were calculated with help of the found values\af A, and\s. In this way, the body segment
lengths and radii of the desired person can be obtained.

2.3.2 Heart lung machine

During cardiac surgery, the heart lung machine functiors sibstitute for the heart (pump)
and the lungs (gas exchange). Apart from these functioasehrt lung machine is also used
as a heat exchanger, with which the temperature of the blande controlled. The heart
lung machine is the most important method for both coolind sewarming of the human
body during cardiac surgery. The heat exchanger of the hemytmachine was implemented
in the model by using the information given by the manufatyCOBE Cardiovascular,
Inc. Arvada, USA). The effectiveness of the heat exchangeai average flow rate of 5
1min~! wase =0.7 (manual COBE Cardiovascular, Inc. Arvada, USA). Howgirethe
tube between the heat exchanger and the arterial canmukitey additional heat loss takes
place. Therefore, the effectiveness in the madelvas set to an arbitrary value of 0.5.
Effectiveness then yields: - -
* b,out — 4b,in

B Tw,in - Tb,in (218)
whereT}, o, is the outgoing blood temperatur8, s, is the ingoing blood temperature and
Ty in is the ingoing water temperature (temperature of the waservoir). On the next
time step,T}, ot Was used as blood pool temperature instead of the venousgnieissel
temperature. When a patient is on pump (i.e. connected todghg lung machine), no
respiration takes place and the artificial respirator deiscswitched off. Hence, respiratory
heat l0SseSyespiration @S given by equation (2.13), are omitted in this situation.

2.3.3 Forced-air heating

Forced-air warming systems consist of a power unit incaiog an electrical heater and a
fan to generate an air flow that is delivered downstream taiakelt, see figure 2.5. The heat
exchange between a forced-air heating blanket and thenpatskin is given by:

Q7/;, = hfa(Tskin,i - Tfa) (219)
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Figure 2.5: U-shaped model forced-air blanket, that is often used during surger

The heat exchange coefficigit, defines the efficiency of all the heat exchange mechanisms
(radiation, convection and conduction) between the blaake the patient. From experi-
ments (see for details appendix B, section B.4) performeid avi U-shaped model forced-air
blanket (Bair Hugger, model 560 Cath Lab Blanket, Arizanaliecare Inc.) &g, was found

of 16.44+ 0.3Wm—2K~! at an outlet air temperature of 43 (Bertens et al., 2006).

2.3.4 Circulating water mattress

Circulating water mattresses are active intraoperativenivey/cooling systems that are con-
nected to a water-pumping system. A water mattress corfsisiodayers of foam incorpo-
rating a tube system, through which the water flows. Cirgaivater mattresses are placed
under the patient and exchange heat by conduction. Heaféraretween the circulating wa-
ter mattress and the patient’s skin (parts of the head, sbcylder, thorax, abdomen, arms,
hands, legs and feet) was given by:

qz/‘l - hmat (Tskin,i - Tmat) (220)

with a heat transfer coefficient,,,, of 121 Wm~2K~! (Brauer et al. (2004a)).

2.3.5 Heat loss through wound with topical ice slush

During open heart surgery, the thorax is opened. Extra losat thkes place through the
opened thorax by means of evaporation, convection andtiaadlidce-cold fluid (saline €@C)
is poured in the open thorax to cease the heart beat. In avd=lt¢ulate the influence of
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the open thorax on the heat balance, an extra element wasrimapted in the model. This
brings the total number of elements to 20. This element stasf 2 layers: a lung layer and
a fluid layer. The angle of the segment is estimated to Be NMaturally, the anterior part of
the existing lung element is reduced by’75

It is assumed that heat transfer only takes place in radiaction, and not from the
azimuthal plane. Heat exchange between the upper layee iogln thorax element and the
surroundings takes place by means of convection, radiatidrevaporation. The convective
heat flux was given by:

qélonvection = hCymiX(TW - TOO) (221)

whereh, mix is the convection coefficient given by equation (274),the surface temperature
of the open thorax element afdd, the temperature of the surroundings. The radiative heat
flux was described by:
4 4
Tradiation = %gwi {“1) (2.22)
Ew oo

whereo is the Stefan-Boltzmann constaatthe emission coefficient ang a view factor.
These values were taken equal to the normal values for thaxhsee table B.2. The evapo-
rative heat flux from the wound surface yields:

gﬁc(pw - poo)L3
vD

p D 1/4
qcvaporation,watcr = 054f< ) (pW - pOO)AHQO (223)
with Air20 denoting the latent heat of vaporization of watkrd '], p the mass concentration
of water vapor kg m—3], D the mass diffusivity of the air-water vapor mixtuna{s—'], v
the kinematic viscosityrh?s~!], L the characteristic length of the plane surface [iihe
gravitational acceleratiom]s~2] and 3, representing the composition expansion coefficient
of the air/water vapor mixtureif*kg ~']. Subscriptsv andoo denote properties at the wound
surface and environment, respectively. A detailed dedwadf equation (2.23) is given in
appendix B, section B.5.

To study the effect of heat loss due to the open thorax, heatdlaf a person with and
without open thorax were explored at an environmental teatpee of 30C (figure 2.6). The
simulations were run for a time period where the heart lunghime was not switched on.

The contribution of the opened thorax to the total heat lmaavas small: 2.3 W heat loss
took place through the wound, while the total heat loss waé W Hence, it is justified to
ignore the heat loss through the open thorax in further sitians.

2.4 Simulation with passive model

Under general anesthesia hypothermia occurs. In orderrify Wee passive model, simula-
tions are compared with an experiment performed by Kurz.€18D5a). They demonstrated
that core temperature drop in anesthetized persons develitip a typical pattern and will
reach a plateau after about four hours. After that, core &zaipre does not decrease further.
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Figure 2.6: Left: Heat flows in a person with opened thorax at a thermoneutral textype
of 30°C. White parts represent the heat fluxes through the opened thotaxBfseak parts
give the heat flows through the 19 other elements. Right: Heat flows tinelenoneutral
conditions with closed thorax. In the figures from left to right evapoeatigat loss@.),

radiative heat losg{,), convective heat los€).), metabolic heat productior{), evapora-
tive respiratory heat los$s,) and dry respiratory heat los§'(;,) are given, respectively.

This plateau is typically 148 lower than the normal temperature, see figure 2.7(a). in the
study protocol nine healthy males (1#6.04 m, 7411 kg and 184% fat) were adminis-
tered general anesthetic drugs and exposed to a room temmeen&22 C for six hours. The
first two hours propofol was administered with a dose rateb0fiigkg—'h—'. Thereafter the
drug dose was decreased.

With help of the passive model, a simulation was performedreta passive, minimally
clothed body, lying on a bed, was exposed to an environméetigberature of 2. It is
observed that core temperature continuously decreasesoi@ than six hours, see the solid
line in figure 2.7(b).

In order to simulate the same situation with a passive aagséd body, another simula-
tion was run in which the typical metabolic heat productithat occurs during anesthesia,
is taken into account. For this, a metabolic reduction of 38%ken, based on values re-
ported in literature (cf. Matsukawa et al. (1995b, 1997sske (2000)). In the right hand
side of equation (2.1), the terthis reduced by 30%. The result of the simulation with the
anesthetized passive model is illustrated by the blackesiio figure 2.7(b).

It is seen that by modelling only the passive part, the cargtgature drop after six hours is
much bigger than the drop observed by Kurz et al.. This effeehhanced, when the anes-
thesia induced reduction of metabolism is taken into actolime influence of the metabolic

rate reduction is quite large; in this specific case core &atpre is reduced by an addi-
tional 1.8C at¢=6 hours. Simulating an anesthetized passive body exposad ambient
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temperature of 2Z resulted in a temperature drop ¢f(7, while Kurz et al. report under
approximately similar conditions a 36 core temperature drop and observed a distinct vaso-
constriction response. This stresses that using only apassdel is not sufficient to capture
the temperature response of anesthetized persons andftintst @&e needed to formulate an
active model for describing thermoregulation during anesig.

(a) (b)
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Figure 2.7: (a) Typical pattern of hypothermia during general anesthesia. Figkea from
Kurz et al. (1995a). (b) Simulation: core temperature of the passisthetized minimally
clothed body after exposing the body to an environmental temperat@£€ Gffor 6 hours.

2.5 Discussion

In this chapter, a description is given of the developmerthefpassive part of the human
thermal model, that was based on the model of Fiala et al9)1®econdly, the submodels
that were used to account for specific boundary conditiorth@furgery and the patient’s
body characteristics were described. The passive par$ giviescription of the human geo-
metry and the heat interaction between the body and thecemagnt. The human body was
described using a multi-segmental, multi-layered repriegion, for which we elaborated and
adjusted the passive model formulated by Fiala et al. (198®8grnal heat flows in the body
are modelled using the Pennes’ equation. Heat exchangiuggses at the surface, i.e. con-
vection, radiation, evaporation and respiration are a@kert into account. For the purpose of
using the model to simulate cardiac surgeries, special edbta are formulated to account
for heat exchange by the heart lung machine, usage of fatdutkaters, a circulating water
mattress and heat loss through the opened thorax. Furthermanodule is designed that
accounts for individualized body shape and body size ofithelated subject.

In order to model the passive part, simplifications and agsioms were made and most
model parameters were taken from literature. A simplifaath the model is the assumption
that the body segments are either perfect cylindrical oespal shapes and the tissue layers
are perfect circles. Besides that, the model is build up ahsuway that the separate body
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parts are only connected via a central blood pool. Undergméaantly homogeneous envi-
ronmental conditions, like in this thesis, this simplificat will not introduce much errors,
but in extreme, non-homogeneous conditions a more sopétistt model is needed to link
the body parts.

Parameter values and empirical relations are mainly tak@an &xisting literature, like the
counter current heat exchange coefficients, the relatimmsonvective heat transfer, respira-
tory heat losses and the clothing model. The sensitivithatcuracies in the counter current
heat exchange coefficient on core and mean skin temperaguesfound to be small (<0°C)
when the values in literature would deviate 100%. The caiwedeat transfer coefficient
relation that was used was compared to other relations foulitérature and to the basic en-
gineering method for convective heat loss around cylindens model, that was used, was in
the same range as the other models and is therefore cortsajgpeopriate. No verifications
were performed on the equations for modelling respirat@at hosses, but as can be seen
in figure 2.6 the respiratory heat losses contribute onflelib the total heat loss. Hence,
small errors in the respiratory heat loss equation will eadl to large deviations in the total
model. The clothing model as proposed by Fiala et al. (206d9unts for heat transfer and
evaporative resistances of clothing. In this model no niisibn is made between external
flow and the effect of clothing ventilation, which can caugeto 50% reduction in thermal
insulation and up to 88% reduction in evaporative resiggiiéan and Fan, 2008). In future
models, this part needs to be elaborated by a more detailddlmo

During surgical incisions, extra heat losses take place fitte wound surface. During
cardiac surgery, cold saline is poured in the open thorawa#t shown that the contribution
of the open wound to the total heat balance was small durirdjazasurgery (about 3%) in
contrast to other interventions with a surgical incisidke Wwas shown in the rabbit study of
Roe (1971). For future simulations concerning open-heagesy, heat losses through the
surgical incision are therefore ignored.

By simulations, it was shown that it is not possible to captilne typical pattern of hy-
pothermia during general anesthesia as demonstrated layeiat. (1995a) with only a pas-
sive model. Using a passive anesthetized passive modelewahesthesia induced reduction
of metabolic rate is taken into account, even augments ffexelice. This indicates that for
correct modelling of temperatures during anesthesiartsffave to be made to also formu-
late an active model. For this, measurement data of pateiménistered general anesthesia
are needed. In the next chapter, measurements are desofip&tients that undergo cardiac
surgery. In a later stadium, it is explained how, with helgto$ data, the active model is
developed and validated.



CHAPTER 3

Effect of forced-air heaters on perfusion and temperature
distribution during and after open-heart surgery*

3.1 Introduction

In the previous chapter, is was ascertained that for thelolgweent of a reliable numerical
human thermal model proper data sets are required of patieming hypothermic surgery.
Additionally, more information is needed about the usedqaols during surgery and the
resulting temperature and perfusion responses of anzsttigiatients. To that end, an ex-
perimental measurement protocol was developed in whichpatient groups were followed
during cardiac surgery. In one group forced-air warming wsed, in the other group passive
insulation was applied.

Forced-air warmers are often used to reduce hypothermiaeipéri-and postoperative
period. Effectiveness of forced-air heating to improveectamperature is reported for the
postoperative stage (Bréuer et al., 2004), during off-pwomnary bypass surgery (Kim
et al., 2006) and in anesthetized hypothermic volunteeagy@hi et al., 2004). Nowadays,
forced-air heaters are also often used peri-operativalypgweardiac on-pump interventions.
Heat is transferred to the periphery by forced-air heatdriéevthe core is rewarmed by the
heat exchanger in the heart lung machine. Covering the inedely warmed periphery with
forced-air heaters during systemic rewarming reducesdatip (Hohn et al., 1998; Rajek
et al., 2000). One explanation is that forced-air warmirggeases peripheral temperature.

*This chapter is an extended version of:
Severens N.M.W, Van Marken Lichtenbelt W.D., Van LeeuweM@., Frijns A.J.H., Van Steenhoven A.A., De
Mol B.A.J.M, Van Wezel H.B. and Veldman D.J. (2007). Effectfofced-air heaters on perfusion and temperature
distribution during and after open-heart surgétyr J Cardiothorac Surg32(6):888—895.
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This reduces the core-periphery gradient and consequetlices afterdrop. Measurements
and analysis of Rajek et al. (2000) did not support this exgtian. Instead they think that
forced-air heaters do not prevent redistribution, but@nesthe total body heat content. It is
of interest to asses how forced-air heaters change bodyetarupe distribution.

Body temperature distribution depends strongly on bloode heat transfer. Under
anesthesia, thermoregulation is impaired. This leadstévagions in blood flow, with cor-
responding changes in temperature distribution (Matsaketwal., 1995a). Only few studies
with animals have been performed that assess perfusiongdaxtracorporeal circulation
(Rudy et al., 1973). To our knowledge, no study on peripheeat flow during human extra-
corporeal circulation has been published. Therefore, mellsaneously measured perfusion
and temperature distribution during and after cardiacesyrdn this way, information is pro-
vided about the amount of convective heat flow to the peripHhéitimately, this will help to
explain how forced-air heaters favour core temperature.

Additionally, the surgery protocol is simulated with helptle passive thermal model, that
was developed in the previous chapter, and compared to thsured temperature values.
Later, in chapter 4, the data will also be used for furtheetigyment of the active model.

3.2 Materials and methods

3.2.1 Patients

With approval from the Academic Medical Center (AMC) Medi&thical Committee and
written informed patient consent, 15 patients undergoiegtize aortic valve replacement
were studied. Patients were followed during surgery anditsiethree hours after surgery at
the intensive care unit (ICU). We enrolled patients ageavben 40 and 80 without severe
left ventricular dysfunction. Patients were randomly gssid into one of two protocols: a
test group £=8) that was rewarmed with forced-air heaters and a contmlm (=7) that
was rewarmed with only passive insulation.

3.2.2 Anesthesia

Calcium channel blockers and long acting nitrates weregiveil the evening before surgery.
Beta-adrenoceptor blocking agents were continued umitibrning of surgery. Lorazepam
2-3 mg was given for premedication 2 hours before surgeryes#fresia was induced with
sufentanil 3ugram kg ! (Sufent&®, Janssen-Cilag, Tilburg, The Netherlands) and propofol
50-100 mg (Fresenius Kabi, Den Bosch, The Netherlands)cuPanium bromide 0.1 mg
kg~! (Pavulor®, Organon, Oss, The Netherlands) was given for muscle rétexaMor-
phine 10-30 mg was given as a slow bolus injection. Anesthesis maintained with a
continuous infusion of propofol 2-5 mg kgh—! and/or isoflurane at 0.5 MAC. The lungs
were ventilated with air/oxygen (Fii20.5). Following the induction of anesthesia, a flow
directed pulmonary artery catheter (Edwards Lifescienogme, CA, USA) was inserted
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into the right internal jugular vein. Dexamethasone aneadrenoceptor agonists were not
used in any of the participating patients.

3.2.3 Protocol

Temperature in the operating theatre was kept &tI2C. In the test group, the blanket was
mounted along the body by sticking the blanket on the surtmnie with tape. The ste-
rile cover was positioned over the patient and covered &lsddrced-air heater. Forced-air
heaters in the test group were used after fastening the aaitie (28:18 minutes after the
onset of rewarming) and active heating was continued ukitil glosure. The inlet air tem-
perature of the forced-air blankets (see figure 2.5) wa®sehtaximal temperature of 4G.
The patients in the control group were solely covered wittedls sheet.

Both patient groups were cooled to a nasopharyngeal temuperaf 30°C. Thereafter, pa-
tients were rewarmed to a nhasopharyngeal temperature°@f 88d depending on the state
of the surgery, fully rewarmed (when the aortic valve wagady fastened) or kept for a
few minutes at this temperature till the aorta valve wasefastl. Patients were rewarmed to
a nasopharyngeal temperature of 37-3C.%and a rectal temperature of minimally 36C3
Non-pulsatile bypass flow was kept at 2.4 | mhmn~2. Arterial inflow temperature was max-
imum 4 C warmer than the venous return temperature. Subsequkatheart lung machine
was decoupled and the patients were transferred to the |8&afiterial cannulation site was
the ascending aorta in all patients. The venous cannulsiienvas the right atrium.

3.24 Morphometric measurements

Before surgery, the patient’s body characteristics werasueed: height, weight and fat per-
centage. Fat percentage was determined by measuringlskiinickness at four positions: at
the m. biceps brachii, m. triceps brachii, subscapular apdagliacal (Durnin and Womers-
ley, 1974). Body surface area (BSA) was calculated accgridirbubois and Dubois (1916):

BSA = 0.007184W 9425 0725 (3.1)

with weight W in kg and height H in cm.

3.25 Temperature measurements

Core temperatures were measured at regular intervals frenmasopharynx, in the rec-
tum (oesophageal/rectal temperature probe, Philips 290%Md from the pulmonary artery
(Thermodilution Paceport Catheter: 931HF75, Edwardsscifnces). In the operating room,
the nasopharyngeal temperature was used as an estimatbefoore temperature. At the
ICU the pulmonary artery temperature was used to assessesoperature. Transient thigh
temperature was determined at the skin and at deeper tkmgketivith a needle thermocou-
ple (MT Needle microprobe 23 ga. Physitemp InstrumentsNaw Jersey) containing three
sensors. Tissue thigh temperature was measured at 8-,riB38amm depth. The needle
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was inserted perpendicular to the skin surface slightlgrédtfrom the anterior mid-upper
right thigh.
For calculating mean thigh temperature, the regressiohadeds proposed by Belani et al.
(1993) was used. This regression assumes that tissue tetumesis radially symmetrical. We
used the skin temperature at the posterior thighyat,) and thigh temperatures at 8, 18 and
38 mm below the skin. Similarly to Belani et al., it was assdrtfeat the temperature in the
leg atr = 0 was equal to the nasopharyngeal temperature. The parabgtEssion equation
was formulated as:

T(r) = a+ br? (3.2)

with T'(r) representing temperature the radial position and andb regression constants.
Average tissue temperature in the thigh was then calculated

1 (B 1
Tinigh = —3 /0 21 (a + br?)rdr = a + 51)32 (3.3)

Skin temperature measurements were performed using esreétermistors (iButtons
type DS192H, Maxim/Dallas Semiconductor Corp., USA, see alan Marken Lichtenbelt
et al. (2006)) at the forehead, lower arm, finger tip, footsdan, lower leg and upper leg.
Because chest skin temperature could not be measured wéieddtie seven-point system
of Hardy and Dubois (1938) to a six-point system according to

Tskin* = (0~O7Tforehead + 0~14Tposterior forearm T 0~O5,I7hand +
0-19Tanterior thigh + 0-13Tanterior calf + 0-07Tfoot)/0-65 (34)

Equation (3.4) does not provide a mean skin temperaturedmlbe compared to other stud-
ies, but can be used to identify and compare changes in éransiean skin temperatures of
the two groups in this study.

3.2.6 Skin perfusion measurements

Skin perfusion was continuously measured using a commgregailable laser Doppler
flowmetry device (Perimed PF4001, with a 780 nm laser diodeda25 mm fibre separation)
under the right big toe. Sample rate was set to 4 Hz using a ¢onstant of 0.2 s. All
measurements were performed using a standard probe (F08bEdrimed AB), which was
calibrated with PF 1000 calibration equipment (Perimed ABser Doppler results were an-
alyzed as a running average of 50 seconds epochs, to filtenatidn artefacts. No attempts
were made to compensate for the biological zero value. Asgusnfor that are outlined in
appendix D.

In order to make individual data comparable and to easy seeftéct of forced-air heat-
ing on perfusion, the perfusion result data are relateddal llemperate data using a power-
law equation (see also, Janssen et al. (2007)), that is iwen

b _ o (3.5)
Wy,0
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where(C' is a constant that will be determined by fitting equation 85ocal toe perfusion
and temperature datay, is the current perfusion valuey, o a reference perfusion value, and
T andTj are current and base line temperature, respectively.

For each experiment a base line valueTyrandwy, o was determined. Because the period
at the ICU was relatively stable, the mean perfusion valudiuhe last 10 minutes of that
measurement period was used as base line value Subsequently, all perfusion valueg
were divided by, . From all temperatured) the base line temperatulg was subtracted.
Ty was the mean temperature during the last 10 minutes.

3.2.7 Leg blood flow measurements

Leg blood flow was determined in 12 patients by ultrasoundsmesments (Siemens Sono-
line Antares) in the right femoral artery one cm before tHaroeation in the groin area. The
femoral artery was visualized in B-mode. The diameter ofvbesel was measured in sys-
tole and diastole. Subsequently, Doppler mode was useadodeenterline velocity in the
vessel during two heartbeats. Measurements were perfoatfedr defined points in time,
and repeated two times at these time points: 1) just befdeging the surgery room 2) at the
coolest point during the bypass cooling 3) just after syrgarthe patient has arrived at the
ICU and 4) about three hours after surgery.

Methods for calculating the leg blood flow are outlined in @pgix E. The flow at the first
measurement period was considered to be the base line &aluEor each patient the flow
at each measurement moment was normalized with the indivigase line valu€),. Leg
blood flow results are thus presented as relative changesaition to the individual neutral
state (0/Qo)-

At the same points in time when leg blood flow was measuredcastiac output was deter-
mined by thermodilution measurements in the pulmonarynarfeuring the bypass period,
pump flow rate was used instead of cardiac output.

3.2.8 Statistics

Results are presented as mean with standard deviationer&iifes between the groups at
different time points were analyzed with an unpaired t-tétr determining the effect of
using forced-air heaters on afterdrop, a summary measuriehweveals the real clinical
relevance, is used (Matthews et al., 1990). As summary medsu defining afterdrop,
the core temperature of the moment of going off-pump minesntinimal postbypass core
temperature, was used. For comparison of the gender andctasomedication between
the two groups, Fisher’s exact test was used with two-tgiletbability. Leg blood flow at
the four time points are compared with a paired t-test. Deffiees were considered to be
statistically significant when P < 0.05. For determinign equation (3.5), linear regression
after log-transformation was used. Data fitting was peréamsing nonlinear regression
analysis (Statgraphics Plus 5.1).
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3.2.9 Data analysis

The beginning of the bypass was the designated time zeroofding. As the duration of
cooling/warming differed among patients, the start ofyfullarming was defined as the des-
ignated time zero of warming, and the moment of decouplimghtbart lung machine was
defined as the zero time for the postbypass period.

One needle did not work properly in one patient in the corgrolip, so deep tissue temper-
atures in that group are basedon6. Four patients of the control group were covered with
forced-air heaters at the ICU (24, 30, 60 and 64 minutes afteral at the IC). Two persons
in the test group were given a heating screen at the ICU (62280dminutes after arrival
at the IC). Only statistical differences before giving ditdial heating equipment at the ICU
were studied.

For three patientsy, o was not determined as no stable base line value for skingierfuwvas
observed. These data sets were excluded in the analysis.

Leg blood flow data of one patient taken at measurement mdimentvas excluded, because
we observed an extreme increase in heart rate.

3.3 Results

3.3.1 Patient characteristics

Subject characteristics of the control and test group aoevstin table 3.1. No significant
differences were found in morphometric characteristicheftwo groups.

Table 3.1: Subject characteristics. Values are given as mean vatstandard deviation.

Subject characteristics Control group Test group P
Gender [M/F] 5/2 2/6 0.13
Weight [kg] 80.8£10.9 78.6:12.0 0.72
Height [cm] 172t4 16711 0.28
Age [y] 69.1+15 57.9t11 0.12
BMI [kgm 2] 27.3+3.0 28.2+3.6 0.61
Fat [%)] 31.8t5.9 36.0:5.4 0.17
BSA[m?] 1.93+0.14 1.94t0.16 0.90

3.3.2 Core temperature

In figure 3.1, core temperatures are given during surgerythadirst period at the ICU.
Twenty minutes after weaning from bypass, core temperaiarthe test group were slightly
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higher than in the control patients (P=0.07). This diffeetasted till patients were 50 min-
utes at the ICU (P=0.09). No differences were seen in nashtemial temperature between
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Figure 3.1: Core temperature during and after cardiac surgerygontrol group,o test
group. From left to right the anesthesia stage, the cooling stage, themimgastage, the
postbypass phase and the period at the ICU are shown, respecSigiificant differences
(P<0.05) are indicated with *, results with<®0.10 are marked with:. Differences are only
investigated when n is minimally 6 and 7 in the control and test group regglycti/alues
are given as means with standard deviation.

both groups at the end of rewarming, see table 3.2. Core tatupe afterdrop, defined as the
core temperature of the moment of going off pump minus themahpostbypass core tem-
perature, was significantly lower in the test group (P=0.@4jrend was visible to a longer

lasting afterdrop for the control group (P=0.21). Aftendmuration is the period from the

end of bypass until the minimum postbypass core temperetueached.

3.3.3 Mean skin temperature

In figure 3.2, the mean skin temperature is shown. Mean skipéeature of the test group
was significantly higher 30-80 minutes after decouplingrfritie heart lung machine. Mean
skin temperature of patients from the control group, thdaioled forced-air heaters at the
ICU, is indicated with a different symbol. An increase in mekin temperature was clearly
visible after that time point.

3.3.4 Thigh temperature

No significant difference was found in skin temperature eftthigh, Tyiin thign (figure 3.3(a))
between the two groups during anesthesia, cooling and wagtniin the postbypass stage
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Table 3.2: Temperature and afterdrop characteristics. Values are given as mea

values+ standard deviation.

Temperature and afterdrop characteristics Control groupt greup P
Nasopharyngeal temperature at the coolest p8igj [ 29.4+-0.6 29.#1.4 0.61
Nasopharyngeal temperature at the end of rewarntigg [37.2+0.4 37.4:05 0.41
Rectal temperature at end of rewarmife] 36.6+0.2 36.5:0.5 0.63
Afterdrop [PC] 1.8+0.7 1.2:0.2  0.04*
Afterdrop duration [min] 7324 59+-14 0.21
Cooling time [min] 38+16 38+17 1.0
Warming time [min] 6410 66+19 0.81
Bypass time [min] 102+19 10530 0.82

*Significant different result (P<0.05)
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Figure 3.2: Mean skin temperature with standard deviatiercontrol group o test group,
A patients in control group who got forced-air heaters at the ICU. Sigmifidifferences
(P<0.05) are marked with *, and results with P<0.10 are marked withe$ults are based
on n=8 in test group and n=7 in control group. The figure consistswfgdarts, from left to
right: anesthesia, cooling, warming and postbypass (operating thedtt€d).
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there was a tendency that the skin temperature of the thigteitest group was higher than
in the control group. The thigh temperatuf&f,») at 8 mm depth (figure 3.3(b)) differed
significantly prior to cooling and during the first 10 minutafscooling. About 25 minutes
before coolinglinign at 18 mm depth was significantly lower in the test group (figuiB{c))
which lasted till the moment cooling started. After approately 50 minutes of rewarming
thigh temperature at 38 mm depth was warmer in the contraigtban in the test group
(figure 3.3(d)). This difference was observed till approaiaty 10 minutes after going off
pump. The 95% confidence intervals at 25 minutes after déicauihe heart lung machine
(where temperature differences were largest) are ¢C267T st — Teontror <0.26°C and
148 C< Tiest — Teontrol <0.09°C at 18 and 38 mm depth, respectively. This indicates that
clinically relevant improvement in deep thigh temperattréhat time point can be excluded.
The first three hours at the ICU no significant differencesafeund in thigh temperature at
8, 18 and 38 mm (not shown in a figure). Finally, no differentenean thigh temperature
as calculated with the parabolic regression method of Belfaal. (1993) was found at the
operating theatre and ICU.

3.3.5 Skin blood flow

Typical curves of skin temperature under the toe and skifupien are given in figure 3.4.
Skin perfusion is given in dimensionless perfusion unitd)(Pn figure 3.5 average values of
the sampling distribution of the relative perfusiany,(/wy, o) are plotted against the change
in temperature AT = T — Ty). The data withAT" < 7°C was used to fit the value of the
unknown constant’ in equation (3.5). The resulting fit and the average valuesgaren
in figure 3.5. The best fit revealed th@t=15.8+1.7, which means that at 10 in local
temperature coincides with a 16-fold increase in skin pEofu

In figure 3.6 a typical example of a patient is shown before a@fitel being covered with a
forced-air blanket. The perfusion-temperature curve shawhift to the right when forced-
air heating is applied. This means that the perfusion wasdh® as in the situation without
forced-air heaters whilst the local skin temperature ofttieeincreased 2.52€. This effect
was also visible in patients in the control group, to whontéat-air blankets were supplied
at the ICU. Hence, we conclude that under these circumstatheeforced-air heater did
not change the amount of skin perfusion. Only skin tempegattas affected by forced-air
blankets.

3.3.6 Leg blood flow

Arterial blood supply into the right femoral artery was detaed for 12 patients at four de-
fined points in time, when no forced-air heating was used i@du7). The base line value
Qo (taken at the first measurement time point) equalled-8®@61 min ! (range 0.13-0.32
1min~'). Schmidt and Thews (1989) suggest that about 10% of thegdsibod flow (about
51min ') is supplied to the legs. This amounts to approximatiel 1 min~* per leg, which
is in agreement with the value found by us.
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Figure 3.3: Thigh temperature measured at skin, 8, 18 and 38 mm depth duringtend a
surgery with standard deviatione control group,o test group. Figures consist of four
parts, from left to right: anesthesia, cooling, warming and postbyafierences are only
investigated when the number of patients is minimally 5 and 7 in the control angrtaip,
respectively. Significant differences (P<0.05) are marked witte3uits with P<0.10 are

marked with #.

Before entering the surgical room and during bypass coplirgsignificant difference in
leg blood flow was observed. Just after surgery, the leg bftovd decreased significantly
(P=0.02) and was still significantly reduced (P=0.02) whHenpatients were at the ICU for

three hours. No significant difference was observed betwsetast two measurement time

points. From these results, it is concluded that leg bloos flsough the femoral artery after
surgery reduced to about 70% of the pre-and perioperatiue va
Mean cardiac output or bypass flow was2044 | min~'m~2. Individual changes in car-
diac output/bypass flow were small over the four measurepants (mean fluctuation was

6.8%).



3.3 Results

39

300

38

36

T

~ anesthesig

~ cooling
~ warming

34

T

32F

28 n®

2%l

a
LDF [PU]

24 L L L L L L
0 50 100 150 200 250 300

time [min]

0
500
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Figure 3.6: Example of a skin perfusion-temperature curve of one patient withraliéth
forced-air heatinge denotes time points at which no additional blankets are usgijes
results when a forced-air blanket is used perioperatively.

3.4 Discussion

In this survey the reduction in afterdrop by using forcedresiaters was confirmed. A new
approach in explaining the effectiveness of forced-aitdmsawas the simultaneous assess-
ment of transient temperature distribution and periphpeafusion in patients undergoing
cardiac surgery. Two groups were studied: patients who perieperatively rewarmed with
and without forced-air blankets. Important findings in thiisdy are that by using forced-air
blankets no clinically relevant improvements in deep #seemperature in the thigh can be
expected, but only in skin and superficial tissue tempeeatutJsage of forced-air heaters
results in higher local skin temperature, but nonetheless dot lead to higher peripheral
perfusion rates. Our data show that the extra heat from deatewarming especially ends
up in the core, and not in the deep periphery.

3.4.1 Perfusion

Local temperature and skin perfusion data were used tolestabrelationship for skin tem-
perature and perfusion in the toe during cardiac surgergnwio forced-air heating was used.
Our data showed that a10 increase in skin temperature of the toe leads to a 16-foléase

in skin perfusion.

Usage of forced-air heaters resulted in higher local toe teknperature (temperature increase



3.4 Discussion 41

1.5 T T T T

n=12 n=12 n=12 n=11

—_

relative leg blood flow  Q/Q _[-]

1 2 3 4
measurement #

Figure 3.7: Relative change in blood flow through the right femoral artery obtaingd w
ultrasound measurements. The first measurement is used as basdua€),). Values are
represented as mean with standard deviation. Measurements areneetftt four moments
in time: 1) just before entering the surgery room 2) at the coolest poiingl the bypass
cooling 3) just after surgery as the patient has arrived at the ICU patiaut three hours
after surgery. The number of patients is indicated on top of each barthiid and fourth
measurements differed significantly (P<0.05) from the first andnskealues.
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of typically 2.5-3C), but did not accompany with higher perfusion accordingdoation
(3.5). Apparently, perfusion did not improve by cutaneoaating. If equation (3.5) would
have held, perfusion could be advanced by applying foréeldeaters. In that case forced-air
heaters had been even more effective in reducing afterdrop.

Ultrasound measurements pointed out that leg blood flonngutfie first hours after car-
diac surgery was reduced to approximately 70% of the bloedf@asured prior and during
surgery. This decrease in postoperative blood flow coimwi¢h the decrease in skin perfu-
sion, that was observed under the toe at the ICU. Low skirupenfi suggests a high resis-
tance in the vascular bed of the periphery. This leads to arlteg blood flow. At about equal
cardiac output (fluctuation 6.8%) this means that less bleadng the heart is distributed to
the periphery compared to the core.

3.4.2 Temperature

Afterdrop magnitudes of 1:80.7°C (range 0.7-3.9C) were found in the control group, and
1.2+0.2°C (range 1.0-18C) in the test group. This was slightly larger than in pregiou
studies (Rajek et al., 2000, 1998). Rajek et al. (2000) tedoan afterdrop of 1:20.2°C
for the control group and 0450.2°C for the test group. Patients in our study were cooled to
lower temperatures (average 293 than Rajek’s patients (318) and rewarmed to higher
nasopharyngeal temperatures (83C3ss. 37.2C). This might explain the larger afterdrop
in our study. Rajek’s previous study (Rajek et al., 1998)psufs this explanation. Here
afterdrop magnitudes of 148.4°C were found for patients with passive covers who were
cooled till 30.8+1°C and were rewarmed till core temperatures of 3C.%Also the fact that
we used another type of heating blanket (tube model vs. aacabthinket that covered the
legs) could have caused the different outcomes.
Only marginal differences were observed between the tlagtperatures in the two groups.
Skin temperature and thigh temperature at 8 mm depth of shgteups tended to be warmer
in postbypass stage. Unexpected were the results that anthef the rewarming stage and
beginning of the postbypass stage deep thigh temperatatrds (@nd 38 mm depth) were
higher in the group without additional forced-air heatdiise 95% confidence intervals, at 25
minutes after decoupling the heart lung machine, show tidtal relevant improvements,
when using forced-air heaters, can be excluded at the degherl tissue. This indicates
that the extra heat of forced-air warmers does neither paiedb the deeper peripheral tissue
by means of conduction, nor by heat redistribution by theldarhigh tissue temperature in
the control group was over the total measurement periodtsligigher. It is remarkable that
forced-air heaters did not compensate, or reverse this dkpected that heat provided by
forced-air heaters only causes a clinical relevant tentpesaise at the skin and at superficial
situated tissue but not at the deeper tissue. Average thngperatures as calculated according
to equation (3.3) did not show significant differences befwthe groups, which agreed with
the results of Rajek et al. (2000).

There are three mechanisms by which adding heat to peripsiédracan favour core
temperature: 1) direct conduction through peripheraligssvhich would reduce the core-
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periphery gradient, 2) blood-borne convection of heat ftbmskin, which would result in
a higher blood pool temperature and 3) blood-borne cormvedf heat from the deeper pe-
ripheral tissue. The fact that forced-air warmers reduéeadrop, but did not warm the deep
peripheral tissue, indicates that the effectiveness akiair warmers in reducing afterdrop
is especially explained by blood-borne convection fromgkie. Forced-air heaters favour
skin temperature by convective heat transfer. Moreoveat ltss from the patient’s body
to the surrounding is reduced. We think that the major pathefextra heat of forced-air
warming is transported from the capillary network in thensid the venous system through
the superficial veins of the lower extremities (Van De Grad¥95). From there, the heat is
transported via direct connections to the heart. This léadshigher mixed blood pool tem-
perature in the test group than in the control group. Thé&sligvarmer blood is redistributed
over the body. Core organs are better perfused than peaipbrggans under current circum-
stances. Indeed, our leg blood flow measurements undenimthbught, as we observed that
postoperative leg blood flow was reduced significantly camgdo pre-and peri-operative
flow. In this way, the decrease in core temperature drop amdiichanged deep peripheral
temperature in the test group, can be explained.

3.5 Comparison of passive model and cardiac surgery measure-
ments

With help of the developed passive model from chapter 2 @utlactive thermoregulation
or any adjustments for the thermal effects of anesthet&g)ulations were run to mimic
the temperature response of the passively covered patismigesented in section 3.2.3. In
short: 7 patients (mean body characteristics: weight 89,$kight 172 cm, fat percentage
31.8%) were cooled with help of a heart lung machine to a rfemymgeal temperature of
30°C. Towards the end of surgery, they were rewarmed to a nasgpieal temperature of
37-37.5C. Bypass flow was kept at 214nin—'m~2. The fluid-blood gradient was neatQ.
During cooling, a circulating water mattress was used witbraperature of 3@C. During
rewarming and in the postbypass stage, the mattress tetugereas approximately 3€.
No forced-air heater was used. The surrounding temperaas@0C. Simulations were run
for a subject with the group average body characteristiese ¢hasopharyngeal) and mean
skin temperature data from the aortic valve surgery werepeoed to the passive simulation
results.

As can be seen in figure 3.8 the general trends of core and rkeatemperature are pre-
dicted well by the passive model, but the quantitative behavis somewhat different. Es-
pecially, in phase 1 and 4, core temperatures of the sinounlatie higher than the measured
values. This is mainly due to omitting the effect of the ahesia, which lets the metabolic
rate decrease by approximately 30% (Matsukawa et al., 19@€) also section 2.4. In fi-
gure 3.9 the temperature results are shown in case the asmsthduced decrease of 30%
in metabolic rate is implemented in the model. As can be seedlel predictions with de-
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Figure 3.8: Comparison of passive model simulations and measurements withoatfo
air heating. The surgery consist of four stages: 1. anesthesia stagmlhg with heart
lung machine 3. warming with help of heart lung machine 4. postbypags.dkhando
represent experimentally assessed core and mean skin tempeedpeetively— and——
represent the core and mean skin temperatures following from the@assdel simulation,
respectively.
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creased metabolism indeed considerably improve the rdaao®bwith the measurements.
The skin temperature is mainly determined by external inftes. The model is quite sen-
sitive to the imposed boundary conditions. Probably, s&mgerature predictions will im-
prove, in case experimental boundary conditions (e.g. osading temperature, clothing
insulation, air flow etc.) are assessed in more detail.
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Figure 3.9: Comparison of passive model simulations with 30% decreased metalaoitm
measurements without forced-air heating. The surgery consistiofages: 1. anesthesia
stage 2. cooling with heart lung machine 3. warming with help of heart luaghine 4.
postbypass stag@ ando represent experimentally assessed core and mean skin tempera-
ture, respectively— and—— represent the core and mean skin temperatures following from
the passive model simulation, respectively.

3.6 Conclusion

Our measurements confirm that afterdrop is reduced by usimgd-air heating. Current
measurements reveal that using forced-air heaters do&saldb clinically relevant improve-
ments in deep peripheral temperature, but only in skin apdrigial peripheral temperature.
Laser Doppler flowmetry measurements point out that foaiedieating does not improve
skin blood flow proportionally to the increase in skin tengiare. We think that the increase
in temperature of the venous blood that returns to the heaeaally favours core organs.
Indeed, the measured significant decrease in postopetagivdood flow suggests that less
warmed blood leaving the heart flows to the legs in the lagestd the surgery. We therefore
conclude that the majority of extra heat from forced-airtbesis directly transported from
the skin capillaries to the heart, and from there mainlystitiuted to core organs, and not
so much to the periphery.
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Comparison of the passive model, that was developed in eh@pto the measurement
data of this chapter resulted in the conclusion that witlp leélthe passive human thermal
model the qualitative behaviour of patients during cardiagery can be predicted. However,
it is expected that the quantitative predictions can be nmiate improved by formulating an
active model, that depends on the drug concentration inltteelbBased on the passive model
results of section 2.4 and the previous section, it is catedithat there is an aim for a detailed
active part for the human thermal model that accounts fomtipaired thermoregulation and
metabolism of the body during anesthesia. Accordingly,rteet chapter focusses on the
formulation of the active part of the model.



CHAPTER 4

Active model for cardiac surgery*

4.1 Introduction

Autonomous thermoregulation by the body occurs in seveagiswduring cold, the defense
mechanisms are vasoconstriction, shivering and non-shivé¢hermogenesis while in the
heat vasodilatation and sweating are the protective méxinan When a person is anes-
thetized, thermoregulation is impaired in a dose dependaptand the interthreshold range
(where no thermoregulatory responses take place) mayasefeom 0.2C to 4°C. However,
once the thermoregulatory response is triggered, the maximtensities of the reactions are
normal (Sessler, 1995). The gain of sweating is well preskduring anesthesia (Washing-
ton et al., 1993), while the gain of vasoconstriction is i@tliby at least a factor of two (Kurz
et al., 1995b). However, the vasoconstriction gain is stilhigh that this reduction can be
ignored.

Consequently, during surgery, patients commonly deveygotihermia due to the inhibitive
effect of anesthetics on thermoregulation and the expasutiee cold environment of the
operating room.

In this chapter, a model is derived to describe drug-dogenident thermoregulation du-
ring anesthesia. The thermoregulatory model that is dpeeldo simulate a cardiac surgery
under hypothermic conditions, confines to the vasocotistniaesponse. During general
anesthesia, non-shivering thermogenesis does not ocessl€8, 1997) while shivering is
prohibited by muscle relaxants.

*Parts of chapter 2 and 4 have been published in:
Severens N.M.W, Van Marken Lichtenbelt W.D., Frijns A.J.¥an Steenhoven A.A., De Mol B.A.J.M and Sessler
D.l. (2007). A model to predict patient temperature duringl@ar surgeryPhys Med Bigl52:5131-5145.
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4.2 Interplay between temperature, metabolism and perfusion

Under thermoneutral conditions, tissue perfusion and boditen are at a basal perfusion
rate (o) and basal metabolic ratg,). Under non-neutral conditions, perfusion rates and
metabolic rates vary with temperature. The interplay betwmetabolism and temperature
was modelled according to tligy ( relation. This relation states that for every’ @reduction

in tissue temperature, there is a corresponding reduatieell metabolism by a factapq
(Gordon, 1974, Fiala et al., 1999; Dennis et al., 2003; Janssal., 2005):

T; —T;,0

B Q™ (4.1)

qi,0

with ¢; representing the metabolic heat production in elenieritor (), mostly the value

2 is used. Induction of general anesthesia decreases rietabat production. In litera-

ture metabolic rate decreases are reported between 15 &dMatsukawa et al., 1995b,
1997; Sessler, 2000). Hence, as a first approach, a 30% imuicimetabolic rate is used
in the model. In section 4.7, the sensitivity of the modelte variability/uncertainty of

this metabolic reduction is studied in more detail. The inelia rate reduction leads to the
following expression:

Gi,anes = 07QZ (42)

In non-neutral conditions, blood flows vary with changesdgional metabolic rates. This
is accounted for by calculating the change in the fadigt = ppe,Awy,; [Wm—2K™1]
as a function of the change in metaboligxg;. For this relation, a proportionality constant
un = 0.932 [K~1] was obtained from Fiala et al. (1999):

AB; = unAg; (4.3)

Blood vessels in the skin and in skeletal muscles can alsoriggvated by sympathetic neural
stimulation (Stolwijk and Hardy, 1966; Daanen, 1997). Whedybtemperature is lower than
the vasoconstriction threshold, perfusion is lowered tgyrtbrmal local temperature effect
and via a central vasoconstriction tone. The expressioskiorand muscle blood flow was
modelled according to the formulation proposed by Stol{4j&71):

. T;i—T5 0 .
5’0 =f-Q0"° with Q10 =2 (4.4)
and
f= 1T o .Cs for the inner skin layer and skeletal muscles (4.5)

in which a ; is the distribution factor for vasoconstriction and Cs is tlasoconstriction
signal. As a first approach, the values @y are based on Fiala et al. (2001) (see table 4.1).
Later, in chapter 5 measurements are described to detephiyrstological based values for
those coefficients. As can be seen in equation (4.4), skimarsttle blood flow of a segment
are affected by the local temperatdrgas well as a centrally mediated vasoconstriction sig-
nal Cs. According to Schmidt and Thews (1989), the vasodctiet tone in the muscle is
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Table 4.1: Values fora.s, based on Fiala et al. (2001).

Body part Qcs
head 0.0300
face 0.0330
neck 0.0250
shoulder 0.0100
thorax 0.0005
abdomen 0.0205
hand 0.1100
arm 0.1945
leg 0.2000
foot 0.3765

less than in skin.

In case body temperature is lower than the threshold forocaasgiriction, a certain vasocon-

striction tone is generated and in case body temperaturighihthan the vasoconstriction

threshold, the centrally mediated vasoconstriction terebisent. For the implementation of
this concept, it is required to have a drug-dose-depentesgtiold for vasoconstriction and a
gain and maximum intensity of the vasoconstrictor tone.ofoulate a drug-dose-dependent
relation, information is required about the starting paihvasoconstriction as a function of

the blood drug concentration.

4.3 Model formulation

Opioids and intravenously injected anesthetics lowerhheshold for vasoconstriction in li-
near proportion to increased plasma concentration (Se481@87). During cardiac surgery a
mixture of anesthetic drugs is administered to the patiimé. simplest way to study the rela-
tion between drug concentration and vasoconstrictioo,dérectly relate measured drug con-
centration from blood samples to vasoconstriction thrieshén alternative for taking blood
samples is to use pharmacokinetic models to assess the amagrdration in the blood. An
advantage of using such a model is that it can be used to predioown situations. There-
fore, a pharmacological model will be used to provide infation about the momentary drug
concentration in the blood. For the development of a vasstciation model, the anesthetic
protocol of the measurement series outlined in chapter 8 usead, with propofol as the main
anesthetic agent.

For reducing model complexity, the following simplificat®were made: propofol con-
centration is linearly related to the overall drug concatitn and represents the overall drug
concentration, other drugs do not affect propofol and theperature effect on blood propofol
concentration (Sessler, 1995) is omitted in the model.

In order to relate the blood propofol concentration to thermantary body temperature
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at the time point where the vasoconstriction threshold ashed, measurement data of the
15 patients, involved in the protocol outlined in chaptemn@re analyzed. For all patients,
the time for the start of vasoconstriction was appointedthg time the standardized core
temperature was calculated from the measurements (angotdiequation (4.28)). With
help of the pharmacological model, the momentary blood gi@poncentration at that time
can be obtained. An overview of the approach to formulate sediependent relation for
calculating the vasoconstriction, is given in figure 4.1.

Measurement data

Y

Determine start of time £ .| Pharmocological
vasoconstriction "| model (eq. 4.14)
v v
Determine Teore stand Cpropopol at time ¢
(eq. 4.28) <

Figure 4.1: Approach to derive a linear relation between propofol concentratidrvaso-
constriction threshold. From measurement data of all individual pat@nteapter 3, the
starting time of vasoconstriction was determined. At that time, the standdrcize temper-
ature was determined. With the help of the pharmacological model, alsdoibe fropofol
concentration at that time was calculated. Then, the standardized cqrertgare and the
drug concentration in the blood were used to derive a relation that catingles two quan-
tities.

4.4 Pharmacological models

Development of pharmacokinetic models has generally i@t three approaches. The
model-independent approach, the compartmental approattha physiological approach.
The model-independent approach does not try to make anygbbgieal connection in con-
tradiction to the compartmental and the physiological epph. Instead, the model-indepen-
dent models consist of an empirical set of mathematicaltemng that represent the situation
of interest. The usual model formulation takes place bycsielg a best fit relation using a
statistical criterion. This limits the application field thfe model, as the selected model does
not extend beyond the information contents of the availekferimental data.

The compartmental approach assumes that the drug dissilinto typically two or three
compartments. Those compartments usually representiaypartregion of the body, an or-
gan, a group of tissues, or body fluids. The compartmentssaenzed to be well-mixed.
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Consequently, no spatial variations exist in a compartméfith help of this type of models,

it is easier to relate fitted parameters to physiologicatesses. For instance clearance can
be related to renal function. Nevertheless, the compaitsriarthese classical compartment
models do not represent real physical spaces, and theiringehas been misinterpreted by
many authors. Consequently, these models should be viesvedrai-mechanistic models
(Aarons, 2005).

In physiological models, the movement of the drug is basellood flow rate through a par-
ticular organ or tissue and includes consideration of thesraf the mass transport processes
within these regions. The advantages of a physiologicatcgmh are (1) they are parame-
terized in real physiological quantities (e.g. blood flowissue volumes), (2) they embody
considerable priori knowledge, like the blood flow connectivity of body tissuesl &limi-
nation sites and (3) they lend themselves for use when dreg domodel parameters differ
from those initially studied, e.g. animal to man kineticleeap. Drawbacks of physiological
modelling are the following. (1) Assumptions regardingektins are needed to complete the
models, while simple assumptions are often made withowtestial support. (2) For the
estimation of unknown model parameters and tissue kinedas from several tissues and
blood must be fit simultaneously. This creates considenatablems of data weighting and
multiparameter estimation. (3) Assumed values of phygickl parameters may be in error
if not actually measured. Often, data of relevant tissuesargans is not available and hard
to obtain.

Verotta et al. (1989) proposed a linear system approachworflodels that preserves the
advantageous features of physiological flow models, botieéites the disadvantageous ones.
Their idea was to estimate model parameters by physiolbigytaid modelling. This means
that each submodel is treated as a hybrid of the completelrfaydehich only its inputs and
outputs are of interest. The structure and origin of the tifipaction is irrelevant as long as
it provides a good fit for thén vivo measured data. This results in a nonparametric model
instead of the usual tissue specific parameters like bloeddlnd volume. The model only
gives the function response of the isolated compartmencgrtain input. The function can
be used to estimate some of the usual tissue-specific paenibtood flow, volume, tissue
clearance) if desired. Estimation of these nonparametadahparameters is less complex
than determining all tissue specific parameters, but iflipsissible to give predictions about
blood and tissue kinetics when drug doses or model parasndiféar from the initially stud-
ied parameters. By using the methodology of Verotta et &89} undesirable assumptions
regarding intratissue distribution need not to be made)sivhb concessions are made in
descriptive and predictive power.

In literature only limited availability of studies on humanvivo physiological propofol
data was found. One of the few found work on propofol modglivas done by Upton and
Ludbrook (1997). They described a simple, but flexible sirapartmental hybrid physio-
logical model for calculating blood propofol concentrasan sheep. As this was the only
model that extensively described all the used relationspmmdmeter values, this model is
used for modelling anesthesia concentration in currentamubody model.
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Because body size and weight are comparable for sheep arahhomlarge differences exist
in propofol kinetics and dynamics between sheep and hunhagsed, Ludbrook and Upton
(1997) found close agreement between human and sheep datae Ht seems justified to
use the sheep model for current application.

441 Flow-limited versus diffusion-limited approach

The Upton and Ludbrook model assumes that the transporbpbjfol through the capillary
wall is flow-limited for the venous mixing compartment, thungj, the well-perfused organs
and the poorly perfused organs. The brains are represegtéuebflow-limited capillary
compartment and the transport to the brain core happenbdliffitsion limitation (see figure
4.2). Before using this model, the flow and diffusion limibat approach of the model is
evaluated with help of established solute transport theasydescribed by Fournier (1999).
Drug particle transport to tissue depends on the blood flogy the resistance that the blood
gives for the solute transport and the permeability of thalleay wall. For a flow-limited
approach to be valid, the transport of drugs should be loniig the blood supply. For
diffusion-limitation, the diffusion over the capillary the limiting step.

Solute flux from the blood to the capillary wall at positioxy and across the capillary
wall to the beginning of the tissue space-at- t,, is represented by:

N =2mr.AzKy(C — €|rc+t'm) (4.6)

with t,,, the wall thickness of the capillaryy the transport rate over the capillary wall [mol
s71], r. the inner radius of the capillar} = the axial distance in the capillari, the overall
mass transfer coefficient [m$], C the mixing cup solute concentration in the capillary and
C|.++,, the concentration at the outer capillary wall in the tissamein [mol nT3]. K, de-
pends on the resistance to the solute transport katdnd on the resistance of the capillary
wall (P,,):

1
Ko=~—7 (4.7)
Kom, + H
The solute transport rate is related to the Sherwood number b
ShD
km = 4.8
D. (4.8)

with D representing the solute diffusivityn?s~!] and D,. the inside diameter of the ca-
pillary (capillary characteristics are summarized in éa#l2). When both the concentration
field (Dic > 0.05ReSc) and the hydrodynamic flowzg > 0.05Re) are fully developed the
Sherwood number (Sh) equals 3.66. For capillary blood floezRe-number is Q0 ~—3), the
Sc-number O(0?) and L/ D.. is O(10?), so both criteria are fulfilled.

The diffusivity D of propofol is estimated using the Stokes-Einstein eqnatio

RT

= — 4.9
6mpaN A (4.9)
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with R denoting the ideal gas constant (8.314Jkgol~!), T the temperature [K]a the
propofol radiusy the solution viscosity (1.2103kg m~'s~!) and N4 Avogadro’s number
(6.023- 10%* molecules/mol). The radius of the solute was estimated byirtker, 1999):

3MwW N\ V3
o= ( MpNA) (4.10)

For propofol, having a molecular weight 811/7=178.2 gmot !, densityp equal to the den-
sity of water ( - 10°gm=3) this results inapopofol = 0.4-10~?m. Implementing this value
in equation (4.9) gives a diffusivity @ = 4.73- 10~ °m?s~!. Eventually this results, when
using equation (4.8), ik, = 1.73-10~*ms™1.

Table 4.2: Capillary characteristics based on Fournier (1999); Janssen (2007)

Property Symbol Value
Inner diameter D, 10um
Length Lz 0.1-1072m
Wall thickness tm 0.5um
Blood velocity U 0.05-102ms!
Pore fraction € 0.01
Wall pore radius r 3.5nm
T

Tortuosity 2

The permeability of the capillary walP,,, with wall thicknesst,,, for solute propofol is
given by Fournier (1999):
p, = Pme (4.11)

tm T
where D, is the effective diffusivity of the solute in the membrames the pore fraction

andr is the tortuosity. The Renkin equation relates the bulkudiffity (D) to the effective
diffusivity D,,, by:

D, =D (1 - :f) 2 [1 _ 2.1(%) n 2.09(%)3 _ 0.95(‘;)5] (4.12)

Implementing the solute radius, the wall pore radius anddhete diffusivity results irD,,, =
2.84-1071m2s~1, The permeability, calculated with equation (4.11) is teqoal to: P, =
2.83-10"°ms~1.

With help of equation (4.7) it can be shown th&y ~ P,,. In other words, the blood
offers little resistance to the solute transport in conmguarito that of the capillary wall.

From this result follows that solute transport depends iypain two factors: 1) the total
permeability of the capillary wallXrr.P,,z) and 2) the blood flow rater¢2U). The ratio
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O between those factors is used to define whether the solutspia can be considered flow
limited or diffusion limited.© is given by:

_ 2Pp2

© rU

(4.13)

Wheno « 1 the transport is diffusion-limited and whéh > 1 the transport can be consid-
ered flow-limited.

Implementation of the values in equation (4.13) lead®te= 2.23. This means that the

propofol transport is indeed closer to being flow-limitedritio being diffusion limited. As a

first estimate, a predominantly flow limited model for mosians seems acceptable.

Experiments performed by Gredell et al. (2004) revealetgt@pofol diffuses extremely
slowly in rat brain tissuén vitro, its diffusion coefficient being approximately, = 0.02 -
1071%m?2s~1. It was shown (Fournier, 1999) that the rafp and £z are of the same order
of magnitude. When implementing, in equation (4.11) this leads #,, = 2-10~%ms™!.
Implementing this value in equation (4.13) giv®@s= 0.016, which is< 1. From this, it
follows that propofol transport in the brain is diffusiomiited, under the assumption that
propofol diffusion in rat brain tissue and human brain tesave comparable.

From this analysis, it can be concluded that using a flow &chinodel for most compart-
ments and a diffusion limited approach for describing trerbcompartment, as was chosen
by Upton and Ludbrook (1997), is justified.

4.4.2 A hybrid physiological model for propofol

In the pharmacological model of Upton and Ludbrook (19978, iody is divided into com-
partments which represent individual organs and tissuegings. An overview of the model
is shown in figure 4.2.

Transport into or out of a compartment is described by a makssbe around that com-
partment. A lumped model is used, which means that the coratem in a compartment is
homogeneous and that the physical variables describingahsport processes in the com-
partment are only time dependent. The general mass balgnedi@n in a lumped compart-
ment model yields:

dcC;

Vi
dt

= Zin + EQZC’L — Tout (414)

whereV; is the volume of the compartment [{f;; is the propofol concentration in the com-
partment [mg 1], Q; is the flow rate [I| mirm!] and z;, andx,,; denote the injected and
excreted drug rates, respectively. The concentrationwfsiin the venous mixing compart-
ment is taken as the representative of the blood propofatermnation.
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Figure 4.2: Overview of the compartmental propofol model, based on Upton amt Lu
brook (1997). The concentration of drugs in the venous mixing cotmgeat is taken as the
representative value of the blood propofol concentration.

Detailed mass balances in the compartments

In the pharmacological model, the venously injected cotraéinn propofolC;y; is given by:

R '
propofol
Cinj = —2E2R0fl

Qs

whereR is the dose rate of propofol ardgl, the cardiac output (symbols and standard values
are summarized in table 4.3. The mass balance in the venairsgaompartment is denoted
by:

(4.15)

dC

Vmixwpa == Qt (Cinj - Cpa) + Qlcl + Q2CQ + Qbrainc’b,cap (416)

with V,,ix representing the venous mixing compartmény, the pulmonary artery concentra-
tion, @ the flow andC' tissue concentration. Subscripts 1 and 2 represent rgpétfysed and
slowly perfused tissue, respectivey, .., is the brain capillary concentration amh,;.in iS
the flow in the brain.

Before lung extraction the mass balance in the lung is given b

= Qt(cpa - Clung) (417)

Herein isViung the apparent volume of the lung anll.., the arterial concentration before
lung extraction.

Lung extraction £1,ne) is empirically described by (Upton and Ludbrook, 1997):

= 0.007Cps + 0.013 (4.18)

Elung
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Table 4.3: Variables of the standard propofol model.

Parameter Description Value
Rpropofol Dose rate propofol ﬁ]

Qs Cardiac output 6L
Q1 Flow in rapidly perfused tissue %

Q2 Flow in slowly perfused tissue :‘:n

Qb0 Base line cerebral flow 0.04m%
Vinix Hypothetical venous mixing compartment 0.2551
WVung Apparent volume of the lung 3.607 |
Vb, cap Apparent volume of brain capillary space 0.1431
Vi, core Apparent volume of the brain core 0.0351
Vi Volume rapidly perfused tissue 15.671
Vo Volume slowly perfused tissue 5701
Elung Lung extraction [-]
Cliiver Hepatic clearance 1124
Ps Membrane permeability of the brain 0.032-
Chpa Pulmonary artery concentration %]
Clung Lung concentration ]
Clart Arterial concentration 1i’f‘l—g]
Ch,cap Brain capillary concentration i"ﬁ]
Ch,core Brain core concentration 5]
Qred Percentage reduction in cerebral blood flow %

Ainc

Percentage increase in anesthesia

%
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After lung extraction, the propofol concentration in thedud C',, is given by:

100 — Eiung

Cart = C’lung 100

(4.19)

Cerebral blood flow is linearly reduced by a percent@gg; with increasing propofol con-
centration in the brain cor&y, core):

Qrcd = 19~820b,c0rc (420)

Anaesthetic drugs can reduce cerebral blood flow to only 50#teobase line value (Drum-
mond and Shapiro, 1994). $9..q is maximal 50. Brain blood flow@,..i, iS then given

by:

100 — Qrcd
rain — 4.21
Qb Qb0 100 (4.21)
The mass balances in the brain capillary and brain core aea @iy:
dc ca
Vb,cap 2;5 P — Qbrain(cart - Cb,cap) + PS(Cb,core - Cb,cap) (422)
and
dC core
Vb7C01'e Zt = PS(Cb,cap - Cb,core) (423)

Ps is the membrane permeability of the brain angd.., and V4 core denote the apparent
volumes of the brain capillary space and brain core, resmet

The blood flows to the rapidly(f;) and poorly (02) perfused compartments are calculated
according to:

Ql = 075(Qt - Qbrain) (424)
and
QQ = 025(Qt - Qbrain) (425)
The mass balance equations in the rapidly and poorly petfissue yield:
dc
Vit = Q1(Cart = C1) = CliverCs (4.26)
and
dc
V27; = Q2(Cart — C2) (4.27)

with Cly;yer representing the liver clearance.

A parameter study was performed in which flows and volumeketbmpartments were
changed by 20%. From this parameter study, it was obserat¢thiamost sensitive parameter
in the propofol model was cardiac output. Therefore, theliearoutput value in the model
was replaced by the actual value of cardiac output for thizichaal patients.
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4.4.3 Comparison of the pharmacological model to other models

For testing the model, results obtained with the sheep nafdépton and Ludbrook (1997)
are compared to two other models: the PBPK model developé&eévitt and Schnider (2005)
and the NONMEM model of Schnider et al. (1998). Both modetsrarman models. PBPK
stands for physiological based pharmacokinetic modelclwieans that it is tried to repre-
sent the body in terms of realistic human parameters. Thehusgs 13 compartments. The
NONMEM model is a 6-parameter compartmental model (seethbsbdeginning of section
4.4 for explanation of the model types).

Because only limited experimental data was available, Be@KPmodel and the NON-
MEM model were both fitted and evaluated by applying it to thme experimental data of
Schnider et al. (1998). This means that it can be expectediibd®BPK and NONMEM
model are greatly dependent and show large similarity. Desok of the descriptions of the
PBPK and NONMEM model in literature is that not all detailslaralues of the models are
described, but the descriptions still offer possibilitescompare the predictions of current
used model to other (human) models.

We compared two simulation results of the modified Upton amdlirook model to the PBPK
model and the NONMEM model. This data set was not used toeléniy PBPK and NON-
MEM model. The first test case involved a male (weight 77 kglegight 177 cm) for which a
sedation protocol was used with an 1-hour constant infusidi®0 ug kg—'min—! propofol,
followed by a 9-hour washout period. Figure 4.3 shows thdiptiens of the three models.

—_modified Upton model
PBPK
NONMEM
5
1
=
05
g 100 200 300 400 500 500

time [min]

Figure 4.3: Validation of the compartmental propofol model. Model concentratioauge
time for a 1-hour constant infusion of 1@ kg~ 'min~*! followed by a 9 hour washout.

It is seen that the peak concentration and the concentrdtiong the washout period ob-
tained by the modified Upton and Ludbrook model are of the saxagnitude as the PBPK
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and NONMEM model, but the time constant of the reaction iseshat higher.

The second test case involved a protocol for a 5-day constfaston of 100ug kg~ tmin—1
for a male (weight 77 kg and height 177 cm). Again, the resaflthe modified Upton and
Ludbrook model are compared to predictions of the PBPK madélthe NONMEM model,
see figure 4.4. It is seen that the adapted model results taxebe the PBPK and the NON-

_modified Upton model

NONMEM

1] 1000 2000 3000 4000 5000 BOOO FOOO
time [min]

Figure 4.4: Validation of the compartmental propofol model. Model concentratiosuse
time for a 5 day constant infusion of 1Q@ kg~ min—".

MEM model.

Overall, the modified Upton and Ludbrook model gives resualthe same range as the
other models available in literature. We therefore consibis simple model to be suitable
for developing a dose-dependent vasoconstriction modkfarfurther simulations.

4.5 Determining the vasoconstriction threshold

Cheng et al. (1995) demonstrated that the cutaneous catidribof mean skin temperature

to vasoconstriction is linear. Therefore, it is possibleus® the measured skin and core
temperatures at each threshold to calculate a core-tetnperdreshold that would have

been observed had skin been at a standardized temperatatsu@ddwa et al., 1995a):

p
Tcore,stand = Tcore,obs + <1_p, (Tskin,obs - Tskin,stand) (428)

Relation (4.28) was used for calculating the standardized temperature at which vaso-
constriction was triggered in the measurements. Heére; 0.2 and Tiin stana = 35.7°C
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for vasoconstriction (Matsukawa et al., 1995a). Subsskind andobs denote standard-
ized and observed (measured) temperatures, respectigal/the fractional contributions
of mean skin temperature to the threshold of vasoconstniciihe start of vasoconstriction
was defined as the moment in time WHBR,ger — Ttorearm ShOwed a sustained decrease. An
example is given in figure 4.5.

Chest skin temperature was not measured for the aortic pakients in the previous chapter.

start vasoconstriction

| i

[°Cl

=T
forearm
=)

fingertip

time [min]

Figure 4.5: Typical example to illustrate the definition that was used to appoint the start
point of vasoconstriction: time point Whef&ngertip — Ttorearm SNOWS @ sustained decrease.

Hence, we used the same modified Hardy-Dubois’ six-poimhéda as in chapter 3:

Tskin,obs = (0~07/1—}'0rellead + O~14Tposterior forearm T 0~05/-Z—‘haur1d +
O-lgTanterior thigh + 0-13Tanterior calf + 0-077}001;)/0~65 (429)

4.6 Vasoconstriction-propofol relation

At the point in time at which vasoconstriction started, theoant of propofol concentration
in the blood was calculated with the help of the pharmacgcklgnodel. For the simulations
with the model, the propofol protocol was employed accaydim the measurement series
described in chapter 3. This protocol comprised a bolugiige of approximately 100 mg
propofol in 1 minute, followed by continuous injection ofali 5mgkg~'h~' during the
actual surgery.

At the same time point, the standardized core temperatusedetermined with equation
(4.28). Painful stimulation, as produced by surgery, iases the threshold for vasocon-
striction by approximately 0% (Belani et al., 1993). To determine the vasoconstriction
threshold at zero concentration propofol, the measuredegatof Matsukawa et al. (1995a)
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were used. Given that vasoconstriction thresholds arardipeelated to drug concentration
(Matsukawa et al., 1995a) and taking into account the ise@ahreshold during pain, the
following equation for the vasoconstriction threshald e stand,0) Was found using linear
regression analysis (Statgraphics Plus 5.1):

Tcore,stand70 = 36.69°C — 0-820pr0p0f01 (430)

with R? = 0.82.
Ultimately, the following vasoconstriction model is used:

o If Tiore stand(t) < Teorestand,0(t) thenCs(t) = 200 for the inner skin layer, 75 for
muscle.

o If Tcore,stand (t) > Tcore,stand,O(t) thenCs(t) =0.

The choice of setting the Cs-value to 200 is made on the bédigure 4.6 and equations
(4.4)-(4.5). The distribution factor for vasoconstrictja.s, varies roughly between 0.03 and
0.3, with a mean value of 0.1. In case the tissue temperaamedses by°&, it is seen that

a five time increase in Cs-value, i.€s = 1000 instead of 200, changes the relative perfu-
sion value by maximal 10%, which means tl?;&g is about constant. The ratio of muscle
constriction to skin vasoconstriction (75 and 200, respelst) is based on data presented by
Schmidt and Thews (1989).

0.8

—— mean value a
0.7 F — ac5:0.3
. —a =003

cs

0.6

BB

600 700 800 900 1000
Cs—value

Figure 4.6: Effect of magnitude Cs on the relative perfusion valuedgrvalues of 0.03,
0.3 and 0.1 (meaa.s value). The effect is studied forAT of -5°C.
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4.7 Validation results

After adding the vasoconstriction model with the coupledpofol model to the passive
model, the validity of the model was tested by comparing tlogleh results to measure-
ment results of three surgical procedures. Firstly, datanfthe aortic valve surgery without
forced-air heating (see chapter 3) was compared to moddigtiens. This data was also
used to derive equation (4.30). Thereafter, an indepertigatset was used from a coronary
artery bypass graft surgery performed by Rajek et al. (2000jrdly, data was used from
the aortic valve surgery in which forced-air heating waslusee chapter 3). The latter data
was also used to deduce equation (4.30). Thereafter, thelmsensitivity to reductions in
metabolic rate was studied.

Aotrtic valve surgery at 30°C

Core (nasopharyngeal) and mean skin temperature data fi@madtrtic valve surgery were
compared to simulation results. 7 patients (mean body cteistics: weight 80.8 kg, height
172 cm, fat percentage 31.8%) were cooled with help of a theagtmachine to a nasopha-
ryngeal temperature of 3C. Towards the end of surgery, they were rewarmed to a nasopha
ryngeal temperature of 37-376. Bypass flow was kept at 2l4nin~'m~2. The fluid-blood
gradient was near°C. During cooling, a circulating water mattress was usetl @itemper-
ature of 30C. During rewarming and in the postbypass stage, the matteesperature was
approximately 36C. No forced-air heater was used. The surrounding temperatas 20C.
Simulation results are based on average body charaatsrigtthe patient group. The calcu-
lated and measured core temperature trends agree veryfigeie(4.7). The skin tempera-
tures initially deviated 2C, but eventually the simulation follows the pattern of theasured
skin temperature quite well. In the anesthesia stage (stage sawtooth profile for core
temperature is observed caused by the stepwise model.

Coronary artery bypass surgery at 32°C

Next, a simulation was run with similar surgical conditi@ssused in the study of Rajek et al.
(2000). 10 patients (mean body characteristics: weigl®t K@, height 171 cm, fat percentage
32.3%) were cooled to a nasopharyngeal temperature «¢.3ypass flow was set to 2.5
Imin~'m~2. Towards the end of the surgery, patients were rewarmed &sapharyngeal
temperature of 37C. The initial fluid-blood gradient was neat@. During rewarming and
during the postbypass stage, a circulating water mattressused at 3€. No forced-air
heater was used. The surrounding temperature was kept #f&ar Phe simulation and the
measurements agree again reasonably well, see figure 4tlBe Emesthesia stage (stage 1)
again a sawtooth profile for core temperature is observeldeastandardize core temperature
is around the threshold temperature for vasoconstriction.

The initial temperature differences between the simutatind the experimental results
of the coronary artery bypass surgery were larger than #athrtic valve surgery. Unfortu-
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Figure 4.7: Aortic valve surgery. Simulations consist of four stages: 1. anests&mi@

2. cooling with heart lung machine 3. warming with help of heart lung macHinpost-
bypass stagell ando represent experimentally assessed core and mean skin temperature,
respectively.— and—— represent the core and mean skin temperatures following from the
simulation, respectively. Errorbars denote the standard deviation af¢hsurements.
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Figure 4.8: Coronary surgery. Simulations consist of four stages: 1. anesthiegja 2.
cooling with heart lung machine 3. warming with help of heart lung machinpostby-

pass stage M ando represent experimentally assessed core and mean skin temperature,
respectively.— and—— represent the core and mean skin temperatures following from the
simulation, respectively. Errorbars denote the standard deviation aieéhsurements.
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nately, we did not posses information that could explainldieinitial core temperature as
found in the experiments of Rajek et al. (2000). Howeverjnitel low core temperature, in
combination with the relatively high initial skin tempeuag¢, suggests the administration of
some premedication, with a vasoactive effect, prior to the sf the measurements.

In the rewarming stage (stage 3), the model predictionsutside the standard deviation of
measurements. As not all details of the used warming prbtwednown, this might explain
the observed deviation.

Regarding the larger deviations between modelled and mehskin temperature, it must
be noted that the measured value is actually averaged duesvaund over various locations
on the body. The deviation between those values is muchrltiiga the standard deviation
on interindividual values that are shown in figures 4.7 ad 4.

Aortic valve surgery at 30°C with forced-air heating

For testing the validity of the model for predicting core fsmature afterdrop when using
different temperature protocols, simulations with for@dheating are compared to mea-
surement data in which forced-air heating is used (see eh8pt The protocol was the same
as the aortic valve surgery described earlier, with thetamdbf a forced-air heater in the
rewarming and postbypass stage. The studied group inv8\yedients with a mean weight
of 78.6 kg, a height of 169 cm and a fat percentage of 36%. Indigd the results of the
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Figure 4.9: Validation study: an aortic valve surgery, in which a forced-air warmasésl.
Simulations consist of four stages: 1. anesthesia stage 2. cooling withureamachine
3. warming with help of heart lung machine and forced-air blanket dthypass stage with
forced-air blanketl represents the experimentally assessed core temperatuepresents
the core temperature following from the simulation. Errorbars denotedheard deviation
of the measurements.
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simulation are shown. Core temperature predictions agageth well with measurement
data. The higher standard deviations observed in the merasuits are thought to be caused
by inter-patient differences in the used cooling and wagngirotocols during surgery.

Model sensitivity for reduction of metabolic heat production

According to Sessler (2000), metabolic heat productioimdeinesthesia is reduced by 15%
to 40%. In an experiment involving anesthetized voluntedatsukawa et al. (1995b, 1997)
found a metabolic rate decrease oft®%0. In equation (4.2), a value a 30% was employed.
In order to check the effect of using the lower and upper limities mentioned by Sessler, si-
mulations were run using the aortic valve protocol with 15% 40% reductions of metabolic
rate. Results of both cases and the value of 30% are givenuref@y10. When a metabolic
rate reduction of 15% is used, it appears that in the aneatb&mye and postbypass stage,
core temperature is about 0@ higher than for the standard used value of 30%. A 40%
reduction of metabolic rate results initially in the anestila stage in a 0°Z lower core tem-
perature, but vasoconstriction starts earlier. This tesola higher core temperature at the
end of the anesthesia stage than for the standard valuee poitbypass stage, core temper-
ature is 0.2C lower than for the standard case.

From this, it follows that the upper and lower limit valuesasfesthesia induced metabolic
rate reported in literature give core temperature preafistiwith a variation of maximum
0.3°C in the anesthesia stage and postbypass stage of a cardjacyswhen comparing to
the standard value.

In the remainder of the thesis, 30% reduction of metabote isataken as the standard value.
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Figure 4.10: Simulation results of core temperature when using an anesthesia induced
metabolic rate reduction of 15%, 30% (standard used value) and 40%e Bimulations
the temperature protocol of the aortic valve surgery was used.
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4.8 Discussion

For developing the thermoregulatory part of the model, amphaological anesthesia model
was used. With help of this model, the drug concentratioméntlood can be calculated. A
relation was formulated between the drug concentratiohdrbtood and the vasoconstriction
threshold. If body temperature is lower than the threshatdidsoconstriction, vasoconstric-
tion is triggered. As a first approach a stepwise model wadamrag for modelling the gain
and intensity of the vasoconstriction tone.

For the development of the pharmacological model, it wagrassl that the overall drug
concentration was represented by the momentary propofaertration. Propofol was the
main drug in the measurement series described in chapter &ality, a mixture of drugs
is administered to the patient. This might lead to some dhug interaction. Nonetheless,
according to Sessler (1997), the typical concentrationangfsthetics used during cardiac
surgery roughly increase the interthreshold range in theesaay. Therefore, the reduced
propofol model will suffice as a first approach.

The propofol model was based on the compartmental physazbgodel for calculating
propofol concentration in sheep developed by Upton and taab(1997). As Ludbrook
and Upton (1997) found close agreement between human aeg daéa, no large errors are
expected when using this model for calculating drug comedéinh. This was also found by
comparing results obtained with the sheep model, as useaithesis, with results presented
by Levitt and Schnider (2005) (PBPK model) and Schnider e(1#98) (NONMEM). For
the current application, the sheep model is therefore densil to be appropriate.

In a validation study, it was shown that good agreement&kistween simulation results
obtained with the computational model and experimentallt®s Measurement data from
chapter 3 and measurement data from Rajek et al. (2000) wenpared to simulation re-
sults. Errors between simulation and measurement result®fe and skin temperature were
smaller than two times the standard deviation of the measemevalues for the measurement
data of chapter 3. For the independent data set, core tetapeearor stayed within two times
the standard deviation of the measurements, but skin textyvererrors were sometimes big-
ger. The largest deviations between simulation and exerisnin all cases occurred in the
early stage of the surgery. This can be attributed to thertainées in initial conditions. The
starting point in all simulations was that patients were ithermoneutral condition before
surgery. The thermoneutral temperature distribution vedsrchined by calculating the equi-
librium temperature distribution of a naked person at arirenmental temperature of 3G.

In reality, patients have a history of (unknown) non-thenegtral conditions. Hence, initial
temperatures predicted by the model can deviate a lot fromsored temperature values.
Moreover, the initial temperatures also affect the predicemperatures at later time points.

Mean skin temperature predictions seemed to be not as gamm@temperature predic-
tions. Temperature varies across the surface of the skimnMkin temperature is therefore
obtained by taking the mean of local temperatures weightedrding to the relative surface
area, they are supposed to characterize. However, locateskiperatures often do not repre-
sent regional skin sites very well. Concurrently, interdlal variations can be large. Core
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temperature is only represented by the nasopharyngeaktetope, and therefore regional
differences do not play a role in this quantity. On top, thiewated skin temperature by the
model is quite sensitive to the imposed boundary condit{@nsincrease in environmental
temperature of ZC lets skin temperature during surgery increase by typida°C). It is
expected that more knowledge of the boundary conditionsredluce the error in measured
and calculated skin temperatures. In addition, for obt@jra correct description of heat dis-
tribution in the periphery, when using forced-air heatansjore complex heat transfer model
is required, as follows from the perfusion data in chapter 3.

Anesthetics induce a decrease in metabolic heat producfldre exact causes of the
metabolic rate reduction are not well-established yetdbateased brain activity contributes,
as does mechanical ventilation, which spares the diaph@ginchest muscles (Sessler,
2000). Uncertainty of the anesthesia induced reduction ethbolic rate, using the upper
and lower values that are reported by Sessler (2000), gitygsical variation of 0.3C in the
anesthesia and postbypass stage of a cardiac surgery. llies f@und in literature are based
on indirect calorimetry measurements of volunteers bedaceunder general anesthesia (with
artificial respiration). No literature was found that dissaes metabolic rate decrease during
cardiopulmonary bypass surgeries, which take place withificial respiration. During un-
pump interventions, indirect calorimetry measurementsraat be used. Other (metabolic)
measurements technigues are needed to determine the tieetateoreductions during car-
diac surgery. A suggestion is to measure flow together wistger and carbon dioxide levels
in the arterial and venous blood. However, in the cooling mwearming stage it is seen that
the uncertainty in the decrease of metabolic rate is oélittiportance for the predicted core
temperature in these stages (figure 4.10). Hence, the #rabiis induced by the uncertainty
in metabolism during un-pump stages, is small.

At this moment, there is an abrupt transition between vassiciation and no vasocon-
striction. For cardiac surgery, the stepwise approach doemtroduce larger errors except
in the anesthesia stage where a sawtooth profile is obsarnthd temperatures. In the other
stages the errors are much smaller as the start and end pbih&sonset of vasoconstriction
were close to the starting point and end point of active ogoéind heating with the heart
lung machine. In the on-pump periods, temperature changég ibody are very large which
induces a vasoconstriction tone signal that is almost aimdl a stepfunction. Nonetheless,
for other applications, like under normal circumstancestber types of surgery, a smoother
vasoconstriction model is needed in order to avoid sawtpuatfiles. Hence, the next chap-
ter focusses on the derivation and improvement of a smoothkiglogical vasoconstriction
model.



68

Active model for cardiac surgery




CHAPTER D

Measurement of model coefficients of sympathetic
vasoconstriction

5.1 Introduction

In the previous chapter, a drug-dose-dependent vasomtizstrmodel was formulated. A re-
lation was derived that coupled the blood concentratiopgia to the threshold temperature
for vasoconstriction. For modelling the intensity and gafrihe vasoconstriction response,
a stepwise model was assumed. This approach leads to natkstemperature predictions
(sawtooth profiles), which especially induces errors urndeditions with slowly changing
temperature gradients around the threshold temperatuneagmconstriction. Accordingly,
this chapter concentrates on the derivation of a physiotilygbased vasoconstriction model.

5.1.1 Physiology of the autonomous control of vasomotion

Under normothermic conditions, the smooth muscle cells@fcutaneous arterioles are at a
basal tone. During cold stress, a thermoregulatory reflaitiated by increased noradrener-
gic vasoconstrictor tone acting on arterioles. Both neamal local mechanisms are involved
in this process (see figure 5.1).

Sympathetic neural activity activates vasoconstrictipndradrenergic mechanisms. Nore-
pinephrine, which is secreted by the adrenal medullaetesprimarilya; andas-receptors,
andg-receptors to a less extent. These receptors are locatiee #ascular smooth muscle of
cutaneous arterioles. Also cotransmittors, like neurtigepy, are thought to participate in
noradrenergic vasoconstriction. By the excitation ofdhend 3 receptors a vasoconstriction
response is initiated (Kellogg, 2006).
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Local cooling of the skin causes local, temperature-depeihdasoconstriction. Local
temperature reductions are sensed by cold sensitive affeegves. Those nerves effect the
release of norepinephrine from sympathetic active cutam@asoconstrictor nerves. In this
way, local cooling leads to a progressive reduction in paoiuwith falling local temperature.

afferent cold aandp
decreased local sensitive nerve

temperature receptors

release of

I norepinephrine

central nervous
system

noradrenergic active
vasoconstrictor
nerve

Figure 5.1: Local and neural mechanisms of vasoconstriction.

5.1.2 Control concept

For modelling thermoregulatory responses diverse feddfgstems are suggested in litera-
ture. Consequently also a lot of controversies exist, speragix A. In this thesis, the most

important goal is to design a functional model, with whicletgle predictions can be attained
for diverse surgeries performed under hypothermic comutiti The choice of the used control
concept s, in this case, of minor importance as long as thaigtive power of the developed

model is good. As no experimental or theoretical evidendst®xhat can point one as the
best strategy, it was decided to use the most simple andistiaiward concept: the basic

engineering control strategy that compares and contralg temperature by comparing the
temperature of the body to a reference signal (the setpoint)

5.1.3 Modelling the cutaneous sympathetic vasoconstrictor tone and amplifi-
cation coefficients

Several researchers have already focussed on obtaining @adl intensities of vasoconstric-
tion responses. Researchers like Gordon (1974), Fiala €Q01) and Tanabe et al. (2002)
used models that were based on the work of Stolwijk (1971 fEntative expression that
was used in the Stolwijk model, for describing skin blood flgelds:

Wh,0 + agD]l T-To

R (5.1)

wy =
b 1+ asCs “10

with wy, representing perfusion ang; anda.s representing the amplification coefficients
for vasodilation and vasoconstriction, respectiv@lyis the local temperature and DI and Cs
denote the sympathetic vasodilation and vasoconstriota, respectively. The magnitude of
Dl and Cs depend on a temperature error signal which repseendifference between the
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actual temperature state and the temperature set@inrtl. Subscript O denotes the base
line value. The value o)1y equals 2.

In equation (5.1), it can be seen that also in the mathenha@paesentation of blood flow,
a division is made between the changes in perfusion induyertbtrgl Eympathetic neural

activity (the Cs and DI-terms) and by local temperature glear(thlegfc0 -term).

In the absence of clear measurement data, Stolwijk estihthgevalues for., and Cs,
that he used in his model. However, it is not clear where hed#se estimations on. Later,
Gordon (1974), Fiala et al. (2001) and Tanabe et al. (20Q®)rted also values fat.s and
Cs. In the work of Tanabe et al. (2002), no justification isegiVor the values that were used.
Gordon (1974) and Fiala et al. (2001) explained the methuoels émployed for determining
acs and Cs, but the methods that were used, seem to be very pren®ts. The basic idea
of the methods of Gordon (1974) and Fiala et al. (2001) wasithand Cs were determined
by using their own passive models and measured temperadtee @hey assumed that the
difference in temperature between the model predictiomstha measurement data could
be fully attributed to active thermoregulation. By fittiniget model to the measurements,
they derived values fot.s and Cs. An enormous drawback of this method is, that when
the passive model contains either programming or physicdébgrrors, the active part will
also be contaminated. When using those values in other thenotdels, the correctness is
questionable.

Another objection to the existing work is that they all usgdation (5.1). In this equation
vasodilation and vasoconstriction are treated diffeyesithough the essence of the manifes-
tations is the same: widening or narrowing of blood vesseélserefore, the physiological
basis to put vasodilation linearly in the numerator whiletiwg vasoconstriction in the de-
nominator is odd. Hence, an alternative relation is progasehis chapter, in which vaso-
constriction and vasodilation are treated similarly.

The present chapter provides a method to determine phgsialosalues for the vasocon-
striction amplification factors and vasoconstrictor tolasoconstriction values are derived
for Stolwijk’s relation and for the newly proposed relatibg simultaneously performing
measurements of perfusion and temperature distributiomlumteers under uniform envi-
ronmental conditions. These experimentally determinedmaters provide a physiological
basis for a vasoconstriction model and can be implementggtinuman thermal model.

5.2 Materials and methods

5.2.1 Subjects

Ten healthy male Caucasian volunteers participated instioidy. The study protocol was
approved by the Maastricht University Medical Ethical Coittee. Before participating in
the study, all subjects signed an informed consent. Subfenfcteristics are shown in table
5.1. Body fat percentage was determined by skinfold measemés at the m. biceps brachii,
m. triceps brachii, subscapular and suprailiacal (Durnith\&omersley, 1974).
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Table 5.1: Subject characteristica€10). Values are given as meanstandard deviation.

Subject characteristics ~ Me&$D Range

Weight [kg] 7725110  62-98
Height [cm] 1868 176-198
Age [y] 28.1:4.9 20-34
BMI [kg m—2] 225426  18.5-255
Fat [%] 17.3:5.9 9.6-24.2
BSA [m?] 2.0+0.2 1.7-2.3

5.2.2 Protocol

Subjects refrained from alcohol the day prior to the measargs. At the testing day, the
subjects took a light breakfast at 8.00 AM. They did not drékfee or tea at the morning
before the test. From the moment the test began until the &tiek dest, the subjects were
fasting. They arrived at the laboratory at 10:30 AM.
Subjects performed a light exercise at a stepping platfdime. exercise was ended when the
fingertip-forearm gradient was’Q. In this way, a standardized situation was created prior
to the start of the test, as the fingertip-forearm gradieanigndicator for thermoregulatory
peripheral vasoconstriction (Rubinstein and SesslerQ}l98hereafter, all sensors were at-
tached as described in sections 5.2.3 to 5.2.6. Subsegusatisubjects entered a climate
chamber (Schoffelen et al., 1997). They were in a semisymséion for 3.5 hours, lying on
a stretcher. Subjects were given an option to watch tetmviduring the test. An overview of
the experimental time schedule is shown in figure 5.2.

During 1.5 hour the room temperature was set to2 &vhich is in the thermoneutral zone

Stepping Fixation

sensors T=27°C T=20°C

* |10 min| 90 minutes 120 minutes

t t t t

=0 =30 min =90 min =150 min =210 min

Figure 5.2: Time schedule of the experiment. * The volunteers used the steppingrplatfo
till the lower arm-fingertip gradient has becont&®01 denote the time points where forearm
blood flow was measured.

(Hardy and Stolwijk, 1966). In this period, the temperatoféhe subject stabilized. After
this period, the room temperature was changed tC2@nder these conditions, no shive-
ring response was expected on the basis of experimentsrpedoby Hardy and Stolwijk
(1966), which excludes disturbances in the measuremestwdihivering effects. Moreover,
the typical decrease in mean skin temperatw&’C) agrees with the mean skin temperature
decrease observed during aortic valve procedures pertoatr0 C (Severens et al., 2007b).



5.2 Materials and methods 73

Relative humidity was 55%.

Subjects were wearing standard clothing consisting of teler (0.04 clo), a pair of short
trousers (0.06 clo) and a t-shirt (0.09 clo). The face, lomrens, lower legs, hands and feet
were directly exposed to the environment.

5.2.3 Temperature measurements

Skin temperatures were measured continuously at 1 mintgevals by sensors (iButton type
DS192H, Maxim/Dallas Semiconductor Corp., USA) placechattiead, lower arm, upper
arm, hand, fingertip, foot, toe, lower leg (anterior and gost), thigh (anterior and poste-
rior), chest, abdomen, scapula and lumbar. This type ofeseias recently been evaluated
for studies in humans (Van Marken Lichtenbelt et al., 200®ey reported a mean precision
of 0.09C, with a maximum error of 0.

The mean skin temperature is calculated by using the 12-paighted formula of Hardy
and Dubois (Mitchell and Wyndham, 1969), which in genera Aayood agreement over a
large range of ambient temperatures, especially underaowiditions:

Tskin = 0~07ﬂ1ead + 0-0875Tchest + 0-0875I1bd0111e11 + 0'0875ncapula (52)
+0-O8751—iumbar + 0-141—iower arm T O-O5Thand + 0-095Tthigh anterior
+0-095Tthigh posterior + 0-065Tcalf anterior T 0-065Tca1f posterior + 0~07Tf00t

The rectal temperature was measured continuously by a igtermprobe (YSI probes, tip
diameter 3.3 mm, series 402, Yellow Springs Instrumentso QBSA) inserted for at least
10 cm.

The fingertip-forearm gradient, which is used as an indexhefrhoregulatory peripheral
vasoconstriction (Rubinstein and Sessler, 1990), wasumedsvith an infrared thermometer
(Infrared Tympanic Thermometer, First Temp Genius. ShedaDavis & Geck, UK) prior
to entering the respiration chamber and by means of iBuftons the start to the end of the
experiment.

5.2.4 Skin perfusion

Cutaneous blood flows under the big toe, at the ventral sidheofower leg (at the exten-
sor digitorum longus muscle) and at the middle of the foreg@nthe palmaris longus) were
recorded using laser Doppler flowmetry (LDF). A two-chanasker Doppler flowmeter and
a one-channel laser Doppler flowmeter were used (both Perel, with a 780 nm laser
diode, 0.25mm fibre separation). The probes were calibraittad®F 1000 calibration equip-
ment (Perimed AB). Sample rate was set to 8 Hz using a timetaohsf 0.2 s. Before

starting the measurement the device was left for at leastiB0tas to warm up. All measure-
ments were performed with a standard probe (Probe 408, PekB). Probes were placed
in a probe holder (PH 08-1, Perimed AB) and mounted with densiidled adhesive tape.
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Temperature sensors were placed within 1 cm distance freragier Doppler probes.

Laser Doppler flowmetry does not provide absolute measurtsrad flow. Differences in
base line values are therefore likely. However, by normvadimdividual perfusion responses
by individual base line values, perfusion indexes are obthithat are comparable within
subjects (Kellogg et al., 1998).

5.2.5 Forearm blood flow

Forearm blood flow was measured by venous occlusion plethgsaphy (EC5R Strain Gauge
and Photo Plethysmograph, Hokanson, Washington, USA pusercury-in-silastic strain
gauges applied to the widest part of the forearm. During oreasent periods, the hand circu-
lation was occluded by rapid inflation of a pediatric sphygmoometer cuff, placed around
the wrist, to a pressure of 200-220 mm Hg. In this way, foreblood flow was assessed
without interference of the hand circulation. The proxienatff placed around the upper
arm, was automatically inflated (and deflated) to 45 mmHg lhdese venous occlusion (E20
Rapid Cuff Inflator, Hokanson, Washington, USA) and obtdé&thyysmographic recordings.
A complete set of forearm strain gauges was available, ngrfgom 16 to 30 cm in 2 cm in-
crements. Measurements took place at 4 time points withtarval of one hour (figure 5.2).
A measurement period lasted about 1.5 min, where the cuffimflged every 4 seconds.
The chart recorder range gain was set to 0.1%/cm. The flowaftge analyzing the slope
of the plethysmograph readings is reported in percentalyeneochange per minute, which
equals ml blood/(100ml tissuenin). Varying conditions of ambient temperatures were com-
pensated by the electrical circuit in the device. In the ysialof the plethysmography output,
no further adjustments for thermal compensation were thereequired.

5.2.6 ECG

Heart rate variability was calculated from ECG-data reedrdsing an ambulatory Holter
ECG-monitor (GE Health Care, Freiburg, Germany). Heax rariability directly quan-
tifies the sympathetic contribution to heart rate and candmsidered to be a measure for
sympathetic activity. The very low frequency component P¥0.04 Hz) of the R-R interval
spectrum is thought to be associated with sympathetic therguilation (Brenner et al., 1997,
Matsumoto et al., 2001). Digital data obtained from the ECH3 analyzed using fast Fourier
transformations as described by Oida et al. (1997).

The skin surface at the electrode side was lightly rubbeddemhsed thoroughly with al-
cohol. 7 electrodes are attached to the skin and connecteddiitg to the AVF leads. The
measurement data were analyzed for three time interval60-B0 min 2) 120-150 min 3)
180-210 min.
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5.2.7 Data analysis

Laser Doppler results were analyzed as a running average sé&nds epochs, to filter out
motion artifacts. The temperature and perfusion valugs3® minutes were used as base
line valueT, andwy, o, respectively. Then, the temperature different&( = 7; — 7; o) and
the relative perfusionﬁ) for a body part i were related, using the following equation

ATy

W 5 TooC
= f‘llgl (5.3)

Wy, 4,0

Qss,; Was determined with help of the perfusion and temperatute alad equation (5.3).
Subscript i represents the toe, lower leg and arm.

Method A
In method A, the structure of the established relation fdated by Stolwijk (1971) was kept:

Whiio T daniDl st (5.4)
1+ acs,iCS

Wy, =
When vasodilation is absent, equation (5.4) reduces to:

) AT
Wh,5 1 100C

= 5.5
Whio 14 aes;Cs 0 (5-5)
Equation (5.3) should be identical to equation (5.5) forrelody part i. This leads to the
following relation for sympathetic vasoconstriction tqi@s):

—(AT;)

1 (Qus
A 5
Cs? = o ( o . 1) (5.6)

with a. ; representing the amplification factor for vasoconstrictiBuperscript A represents
values obtained with method A. Local perfusion and tempeealvere measured at the toe,
leg and arm.

Now, we have 4 unknowns, viz. the amplification factofs$ioe, dcs,leq: Ges forearm and the
sympathetic vasoconstrictor tone Cs. The following setopfations was then solved at each
time point:

—ATioe
Qﬁt,toe 100¢

Csh ad e = —1 5.7
ot Q10 (5:7)

—ATjeq

Qﬁt le 109C
Csh a1 = o8 —1 5.8
Jleg Q1o ( )

—ATarm

- 10°C

Cs* o _ Qntam —1 (5.9)

cs,arm - QlO
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Cs* is the central vasoconstrictor tone, and therefore indégenof the location. Eventu-
ally, this led to physiologically based values for the prewf Cs™ a2, .., Cs™a2 1, and
CsAacAsmm as function of time. It is chosen to bound the value@sf* to a maximum value
of 1 at the point where vasoconstriction is highest and skimperature is lowest. Note that
this choice differs from the choices made by Stolwijk (19Fiala et al. (2001) (as was used
in chapter 4 of this thesis) and Tanabe et al. (2002). Thog®esichose the sum of the am-
plification coefficients of all body parts equal tof}" | acs; = 1. As this makes the model
less flexible for changing the number of body parts, thisetiawas not followed here. In
addition, as only three body parts were measured, it wasogatdl to normalize the sum of
those three amplification coefficients to 1.

Method B

As an alternative to the Stolwijk model, we propose the ofu-temperature relation in the
following format:
T—Tqy

= (1 —aBCs® + aqD)Q° (5.10)

Wy,

Wy,0
where superscript B refers to method B. Vasoconstrictiath asodilation are now imple-
mented in the same way. Vasoconstriction as well as vadiadilare incorporated in a linear
way, while in equation (5.1) vasodilation is linearly implented and vasoconstriction is im-
plemented in the divisor. Again, vasodilation was omittethjch reduces equation (5.10)
to:

T-Ty

(1 - aBos?)Qu° (5.11)

Wp,0
The following set of equations is solved:

AT(‘):UC
Qﬁt7toe rec

B B
CS a’cs,toe = 1 Ql() (512)
Q ok

CsPal ., = 1- % (5.13)
ATarm
10°C

Os® 4 = 1- Qg;“ (5.14)

The products’s®al ., CsBaf |, andCs®al ,, were calculated according to method B,

as function of time. Similar to method A, the value fas® is bounded to a maximum value
of 1 at the point where vasoconstriction is highest and skimperature is lowest. As under
current test circumstances the skin temperature and ttfiespar level off, this approach is
reasonable.

5.2.8 Statistics

Results are expressed throughout as means with standaadiaievPlethysmography read-
ings, heart rate variability and temperature measurenvesits analyzed with a paired t-test.
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Results are considered statistically significant whei®®5.

Values forQs; ; were derived using temperature and perfusion data, equiis) and linear
regression analysis after log-transformation. Contrelatigns for vasoconstriction tone as
function of an error signal were derived using nonlinearesgion analysis. The statistical
analyses were made with help of Statgraphics Plus 5.1.

5.3 Results

5.3.1 Temperature

Temperature fluctuations in the climate chamber stayedimwithC, when the temperature
was set to 27C. When switching to the cool stage @90 min, it took about 40 minutes
before a temperature of 20 was reached. Then, temperature stayed within &@Clt&nge.

Rectal temperature fluctuations due to changes in envirotah&mperature conditions
were about 0.9C (see figure 5.3(a)). At the beginning of the measuremerdgeaectal tem-
perature decreased by about®@3which is probably caused by the transition from standing
position during exercise to semisupine position. Tempeeatlifferences at the end of the
warm stage #=90 min, the base line value), &150 min and at the end of the cold stage
(t=210 min) were analyzed with a paired t-test, see table 5.@.stdtistical difference in
mean rectal temperature was observed during the experiment

Table 5.2: Summarized temperature and perfusion data: mean (SD).

t = 90 min (base line) t = 150 min  Pyo—150 t =210min Pyg—_210

Teore [°C] 36.92 (0.41) 36.92(0.42) 0.91 36.86 (0.44) 0.53
Tein [°C] 33.7 (0.6) 31.2(0.9) <0.001* 30.6(1.0) <0.001*
Thingertip — Towerarm [°C] 0.6 (1.7) 6.2(1.9) <0.001* -7.1(1.6)  <0.001*
Forearm blood flow ;52— 4.2 (1.8) 2.7 (1.4) 0.006* 2.2(1.3) 0.001*
VLF power [mg] 2198 (1231) 3719 (2458) 0.036* 3568 (1313) 0.011*

* Statistical significant result (0.05).

VLF is the very low frequency component of the heart rate variability.

At =90 min, mean skin temperature immediately decreased ¢fig(b)). Paired t-test
results revealed that mean skin temperatureh50 and:=210 min was significantly lower
than mean skin temperatureta®0 min.

Fingertip-lower arm gradient is shown in figure 5.3(c). #CAgradient identifies signifi-
cant vasoconstriction (Rubinstein and Sessler, 1990)o,Assignificant change in the very
low frequency (VLF) components of the heart rate variapibtfound between the warm and
cold periods (see table 5.2). Accordingly, it is concludeat tin the experiment an evident
vasoconstriction response was present that can be usedve the required parameters.
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Figure 5.3: (a) Core temperature during the experiment (b) Mean skin temper@ture
Fingertip-forearm temperature gradient. Results are mean values (SD)

5.3.2 Perfusion
Plethysmography results

For the analysis only pulses were used that looked acceptabl with a clear ascending
slope, after visual inspection (instructions were folloveecording to the Hokansson-NIVP3
software manual). The cuff artifact, the abrupt rise in limdbume that sometimes occurred
due to reflux of blood when the cuff is inflated, was always edtet] from the analysis. Paired
t-tests reveal that forearm blood flow was significantlyetiént at=150 min (P=0.006) and
t=210 min (P=0.001) from the base line blood flow#=a90 min), see table 5.2.

Skin perfusion

Typical time traces for local skin perfusion and skin tenapere at the measured spots are
shown in figure 5.4. It is seen that when local temperatureedsed, local skin perfusion
decreased simultaneously.

In the perfusion signal sometimes peaks occur, as is seée @rm signal in figure 5.4. One
explanation is that those peaks are caused by movemeantc#stiAnother explanation is that
the processing bandwidths of the laser Doppler flowmetkeg,were used, are not tailored
to adaptively detect the most important frequency rangeally, the lower cutoff frequency
should be chosen in such a way that low-frequency artifaotstd tissue motion are filtered
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out and that the higher cutoff frequency filters out the Higigruent noise (cf. Obeid et al.
(1990) and Chen et al. (2004)). However, since in the remgipieriods the signal seems
to be quite stable and the periods with peaks are short, @édgldd to include the signals in
further analyses.
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Figure 5.4: Example of time traces for skin perfusion measured with LDF (presented
dimensionless Perfusion Units [PU]) and skin temperature for toe, legeand arm, re-
spectively.

5.3.3 Relation perfusion/temperature

Relation (5.3) was analyzed with help of perfusion and temaoee data taken fror=30 to
210 minutes. First 30 minutes were not taken into accourthetemperature and perfusion
during that period were stabilizing.

For each individual subject, temperature and perfusioa déthe toe, lower leg and arm
were fitted to equation (5.3). A linear fitting procedure wasdiafter log-transformation.
Also, the averaged data of all 10 subjects were used to fittreougb.3). Best fits and fitting
statistics of all individuals and the mean value of all satgeare detailed in table 5.3. In
figure 5.5 the mean perfusion-temperature curves are shomthé 3 locations. Large in-
tersubject variability was observed. To some extent, tigé kariation of relative perfusion
might be related to the peaks in the laser Doppler signal. t&ogerature drop varied be-
tween 8 and 12C, lower leg temperature decreased between 4 &Gdafd the decrease in
arm temperature was between 3 aA€6
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Table 5.3: Results of individual fits to equation 5.3. The results are normalized &t 1.
linear fitting procedure is used after log-transformation.

SUbjECt Qﬁt,toe R2 Qﬁt,leg R2 Qﬁt,arm R2

1 14.9 091 97 0.91 44.3 0.50
2 15.7 092 18.2 0.96 13 0.05
3 10.6 0.84 238 0.82 7.7 0.45
4 15.6 096 3.3 0.90 88.2 0.73
5 9.9 0.85 108 0.94 1.4 0.11
6 10.6 086 3.1 0.77 0.04 0.00
7 154 092 65 0.68 25 0.12
8 28.5 091 53 0.78 15 0.16
9 16.6 087 3.8 0.89 3.7 0.61
10 6.68 0.84 210.6 0.85 25 0.57
all 14.2£0.1 0.87 5.90.07f 0.69f 3.9£0.11 0.20

t Data from subject 10 was not taken into account in the average fit, because iedevlat from the other subjects.
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Figure 5.5: Mean perfusion-temperature curves (SD) of all volunteers. Frortotbpttom:
toe, lower leg and arm.
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5.3.4 Experimentally determined amplification coefficients and sympathetic
vasoconstriction tone

Amplification coefficients

From the fingertip-lower arm gradient, shown in figure 5.3itds seen that vasoconstriction
started around=90 minutes and lasted till the end of the measuremerz10 min). It is
observed that skin temperatures stabilized towards thegtie cold period. As mentioned
in section 5.2.7, the maximum value of Cs was chosen to be érefdre Cs was set to 1 at
the end of the cold period because vasoconstrictor tonepiscéad to be largest at the time
that skin temperatures were lowest. Then, the amplificamnfficientSa?SmB, aﬁ‘s,leg and
a? ..., were calculated.

cs,arm

e Method A
With help of equation (5.7)-(5.9) and the assumption thatlCat¢=210 min, the am-
plification coefficient for the toe, leg and arm were detesxirior all subjects. This
resulted in:aZ .. = 7.42 +3.24, aly, )., = 1.00 + 0.64 andaf, ,,,, = 0.46 + 0.67,

see table 5.4.

Table 5.4: Mean values obtained of vasoconstriction amplification coefficients in the cu
rent study using method A. The relative values are also given to makparison easier.

A Severens: Method A
range Cs: 0-1

absolute relative

A toe T7-42£3.24 84%:36%
af oy 100£0.64 11%E:7%

al 0.46+0.67 5%k7%

cs,arm

ad

The a5 results obtained with method A can be compared to the valsed in other
models (Stolwijk, 1971; Gordon, 1974; Fiala et al., 2001Indlze et al., 2002) by ex-
pressing them as percentages, see table 5.5. This is ngcassaot all authors use
the same sum of relative values of the three body parts: tmea$uihe amplification
coefficients for all body parts)(;._; acs,;) of Stolwijk (1971), Fiala et al. (2001) and
Tanabe et al. (2002) was always equal to 1, while the sum cdimptification factors is
not necessarily 1. Also Gordon (1974) did not normalize hiplification coefficients
to 1. With the help of method A, relative values of 84%, 11% &#@lfor the toe, leg
and arm, respectively were found. It is seen that the feetiiremperiment contribute
more, while the arm contributes less to the vasoconstricgsponse than other models
suggest (see tables 5.4 and 5.5).

The range of Cs obtained in current study can not be compartbat of other studies.
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For instance, the range in the model of Fiala et al. (2001kutitese conditions for
Cs is between 0 and 110. The Cs values of the model of StoldgK1) was between
0 and 18. The range of Tanabe et al. and Gordon could not belagdd as not all
required temperatures were available for calculating @k thieir models (viz. pelvis,
shoulder, head, face, neck data). However, it is possildengpare the products of the
maximum value fof. ;Cs of method A to the products of Stolwijk and Fiala et al..
The products o&g7iCsA are 7.42£3.24, 1.0&:0.64 and 0.4€:0.67 for the toe, leg and
arm, respectively. The produats; ;Cs of Stolwijk are about 6.3, 0.9 and 0.9, respec-
tively. According to Fiala et al., the products are 41, 22 ahdrespectively.

It is seen that current measured values (both the normalizkes fora.s; and the
productaﬁ\s,iCsA ) are very close (within the intersubject variability) teettentative
values proposed by Stolwijk, but deviate considerably ftbmvalues used by Fiala
et al. and Gordon. The normalized values d¢ of current measurements are also

within the range of Tanabe et al.’s values.

Table 5.5: Vasoconstriction amplification coefficients used by Stolwijk (1971), Fiakd.e
(2001), Tanabe et al. (2002) and Gordon (1974). The relativeesate also given to make
comparison with current study easier.

A Stolwijk (1971) Fiala et al. (2001) Tanabe et al. (2002) @or(1974)
range Cs: 0-18 range Cs: 0-110 range Cs: unknown range Csownk

absolute relative absolute relative absolute relative olabs relative

Gcs,toe  0.357 78%  0.3765f 48% 0.152f 78% 0.296% 38%
Qcs,log 0.05 11% 0.20 26% 0.022 11% 0.2104 27%
Gcs,arm 0.05 11% 0.1945 25% 0.022 11% 0.2700 35%

t This value refers to the amplification coefficient of the whole foot.

e Method B
With the help of method B, the following amplification coetéints were foundaZ, , . =
0.87+0.05, a2 ., = 0.45+0.18 anda®? = 0.19 £0.28. After conversion to nor-

cs,leg cs,arm

malized percentages, this results in relative values of, 58%6 and 13% for the toe,
leg and arm, respectively. Again the sum of contributionalbémplification factors
Z?:1 acs,; 1S Not necessarily equal to 1.

No values in literature are available to compare the valoaad with help of method
B, as no other study used this type of relation.

Comparison of the inter-subject variability of the valuesdcs oc, dcs leg 8NAacs arm ShOWed
that overall method B shows a smaller variability than mdtAdor the same dataset (table
5.7), especially for the toe value. Although it must be shat intersubject variability for the
arm is also quite large for method B.
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Table 5.6: Mean values of vasoconstriction amplification coefficients obtained in the cu
rent study using method B.

B Severens: Method B
range Cs: 0-1

absolute relative

aB .o 0.87£0.05 58%:3%
aB | 0.45:0.18 30%-12%

cs,leg

al .pm 0.19+0.28 13%:19%

Table 5.7: Inter-subject variability of amplification coefficients (standard deviati@a@m
value- 100%) as percentage of the mean value for method A and82410 minutes.

A B
aigo 44% 6%
acs’, leg 64% 40%
abs S 146% 147%

Vasoconstrictor tone: Cs

The transient vasoconstrictor tone was determined for adethand B for all subjects. Re-
sults are given in figure 5.6(a) and figure 5.6(b). For bothhaoes, a distinct increase in
vasoconstrictor tone is visible starting fram90 min. The responses of Cs determined with
method A and B are quite similar.

Evolvement of a vasoconstriction tone relation

The vasoconstrictor tone showed a clear rise for both metts®e figure 5.6. According to
the basic engineering control concept, the vasoconsttiote is initiated by a so-called error
signal. Although there is no general consensus if such atigul of physiological systems
exists in reality or if core temperature is maintained witan interthreshold zone, this classi-
cal approach is a good tool for developing predictive mofdiskjavic and Eiken, 2006). An
error signal is defined as the difference between the adttal sf a variable: and its setpoint
xo: Ax = x — xo. Itis known that mean skin temperature responds reflexlyutaneous
vasoconstrictor tone (Wissler, 2008) and can thus act &s\mating error signal. Lopez et al.
(1994) showed that vasoconstriction is also modulated by tmamperature. For vasomotion,
the core temperature to skin temperature contributioo iat8(+ 2.5):1, according to Frank
et al. (1999). Cheng et al. (1995) reported that the cutameontribution of mean skin tem-
perature to vasoconstriction is linear with a core tempeeeto skin temperature contribution
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Figure 5.6: Mean Cs value of all subjects as function of time (SD) calculated with (a)
method A, (b) method B.

ratio of 41.23):1. Therefore, it is possible to use the measured sidrcare temperatures
at each threshold to calculate a core-temperature thiiegiai would have been observed if
the skin was at a standardized temperature (Matsukawg &08ba):

Tcore,stand = Tcore,obs + <]%> (Tskin,obs - Tskin,stand) (515)
Subscripts stand and obs denote standardized and obsergadured) temperature, respec-
tively. Relation (5.15) was used for calculating the stadided core temperature at which
vasoconstriction was triggered in the measurements. Mereses = 0.2 and7yyin stand =
35.7°C for vasoconstriction (values according to Matsukawa ef1®95a) who based rela-
tion (5.15) on Cheng et al. (1995)). The start of vasococtsin was defined as the moment

in time whenTgnger — Trorearm Started to show a sustained decrease (see for an example
figure 4.5). At that time pointlcore obs Was 36.90.4°C and7yyin obs Was 33.20.6°C,
respectively. Accordingly/ore stand,0 Was: 36.4:0.4°C. The advantage of using the stan-
dardized core temperature as an error signal is that thistate can also be used during
cardiac surgery, in which the threshold of vasoconstmicifi.o . stand,0) Changes in a drug-
dose dependent way (see chapter 4).

Vasoconstrictor tone as function of the error signal of ttendardized core temperature

is depicted in figure 5.7 for both methods. From non-line@ression analysis, the fol-
lowing relations were defined for the effect of the error ianstardized core temperature
(ATcore,stand = Tcore,stand - Tcore,stand,()) on vasoconstriction tone (CS):

e Method A
Cs™ = 0.5(1 + tanh(—1.71(AT ore stand + 0.65))) (5.16)

with R?=0.91. The typical hyperbolic tangent shape was also us€&ihlyet al. (2001)
and Wissler (2008) to describe cutaneous vasoconstrj@mthe signal levels off. As
can be seen in equation (5.16), the Cs values are boundeddethand 1.
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e Method B:
Cs® = 0.5(1 + tanh(—2.76(ATeore stand + 0.47))) (5.17)

with R?=0.96.

The R2-value is larger when using method B compared to method A.
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Figure 5.7: Mean Cs (SD) value as function of the error of the standardized cogetem
ature, calculated with (a) method A, (b) method B. The setpoint of the sigoal was:
Tcore,stand,O = 36.4°C.

5.3.5 Discussion of results

An experimental study was conducted to determine physicdbgalues for vasoconstriction
amplification coefficients and vasoconstrictor tone. Eantiublished models, either based
these parameters on estimations (Stolwijk, 1971) or by§ttheir models to global body
temperature data (Gordon, 1974, Fiala et al., 2001). Thosthods are very sensitive to
errors and have a restricted physiological basis. A meawme protocol was developed
with which it was possible to determine vasoconstrictiorphiication coefficients and the
transient vasoconstriction tone by directly measuringligperfusion and temperature.
When using method A, the contributions to the normalized droation coefficient from

toe, leg and arm were found to be 84%, 11% and 5%, respectiveiyethod B normalized
contributions of 58%, 30% and 13% for toe, leg and arm wereiesi. Comparing the
normalized amplification values found with method A to thkrea from literature, displayed
that the values of Stolwijk (1971) and Tanabe et al. (2002ewathin the standard deviation
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range of our experimentally determined values. The amatifia coefficients employed by
Fiala et al. (2001) and Gordon (1974) deviate more from ciinmeeasured values.

Vasoconstriction thresholds are a linear function of skinl @ore temperature (Mat-

sukawa et al., 1995a). Therefore, the error signal of thedstalized core temperature was
used as an input variable for deriving the vasoconstriaioe trelation. For calculating the
standardized core temperature, the core to skin tempegatontribution suggested by Cheng
et al. (1995) was used. In current study a base line valuéhtostandardized core temper-
ature was found oATtore stand,0 = 36.6 £ 0.4°C. This agrees well with the vasoconstric-
tion threshold temperature observed by Matsukawa et aB5d)Q who found a value of
36.4+0.3°C. With help of non-linear regression analysis, a relati@s formulated between
the error signal of the standardized core temperat\f& (. stand) and vasoconstrictor tone
(Cs) for both methods. The advantage of using the standatdiare temperature as an error
signal is that this format can also be used during cardiagesyrin which the threshold of
vasoconstriction changes in a drug-dose-dependent wagthAnvalue will then be chosen
as setpoint fofl core standa,0- Equation (5.16) or (5.17) can still be used during ane&hes
only the setpoint changes.
A suggestion for further research is to study in depth théliglof equation (5.15) when
the core to skin temperature contribution ratio is chosigmsy different, for instance when
using the values of Frank et al. (1999) instead of the valuesstioned by Matsukawa et al.
(1995a).

Method B gave results with smaller intersubject variapilitan method A (see table 5.7),
although especially arm intersubject variability was highe fit for developing control equa-
tions for vasoconstrictor tone also gave higli&rvalues for method B. Overall, the newly
proposed method B seems more suitable for describing thgarelbetween skin perfusion
and temperature than relation A.

The temperature range that was employed in the experimeuntteéd in reductions of
mean skin temperature that are comparable to the skin tetoperreductions that were
observed during aortic valve procedures, performed a€3@hapter 3 and Severens et al.
(2007b)). Accordingly, the acquired values for amplifioatfactors and vasoconstrictor tone
are expected to be applicable to our current model for ptieditemperatures during cardiac
surgery.

A restriction of the current investigation is that skin pesibn was measured at only three
locations. Hence, a pilot experiment was designed in whish ealues for, for the other
body parts were assessed using the proposed method.

5.4 Determination of proportionality constants of other body parts

In the follow up short experiment, the protocol as descrilmegection 5.2.2 was extended
to more body locations. Experiments were performed on twte rhaalthy subjects after
obtaining informed consent (subject 1: age 34, 1.96m, 92&¢% fat and subject 2: age 35,
1.93m, 85 kg, 24.2% fat). Both subjects were also involvetthéprevious study protocol.
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Subjects stayed on two different days again 3.5 hours in liheate chamber, where the
temperature protocol of section 5.2.2 was exploited. Oh latys, mean skin temperature
and rectal temperature were measured according to the otdgal. But now, three laser
Doppler devices were used at the same time with a total of Surement channels: a two-
channel Perimed 4001 with standard probes (Probe 408),-almareel Perimed 4001 with
standard probe (probe 408) and a two-channel Perimed 58&0 Dxoppler flowmeter with
415-311 probes. According to the manufacturer, the measemevolumes of the used probe
types inside the skin are equal (about 1 #hrand therefore probes are considered to be
interchangeable.

On the first measurement day skin perfusion and local skip¢eature were measured
at the head, shoulder, thorax, hand and lower leg. On thenddest day, perfusion and local
skin temperature measurements were performed on the ristteen, face, hand and lower
leg.

Data was analyzed in the same manner as described in se@i@n Bhe results for the pro-
portional distribution coefficients of the two subjects dne average value per body part are
given for methods A and B, see table 5.8.

The value ofu. is an indicator of the amount and affinity of receptors thapoad to sympa-
thetic stimulation. Body parts with a highes;-value give a stronger vasoconstrictive respons
than body parts with a lower.s-value.

Table 5.8: Values fora®;® for methods A and B as found in the test with two healthy male

subjects.
Method A: a2, Method B:aZ,
subject 1 subject2 average subjectl subject 2 average
head 0.67 0.28 0.48 0.40 0.22 0.31
face 0.81 1.26 1.04 0.45 0.56 0.51
neck 0.57 0.44 0.51 0.36 0.30 0.33
shoulder 0.58 0.98 0.78 0.37 0.50 0.44
thorax 0.58 0.08 0.33 0.37 0.07 0.22
abdomen 0.34 1.75 1.05 0.26 0.64 0.45
hand, day 1 4.52 2.62 0.82 0.72
hand, day 2 1.04 1.68 2.47 0.51 0.63 0.67
leg, day 1 0.57 0.79 0.36 0.44
leg, day 2 1.77 0.95 1.02 0.64 0.49 0.48

As in this short experiment only two volunteers were invdlvé is hard to evaluate
the reliability of the measurement results. However, tlgedmplification coefficients were
assessed in all three measurement sessions (the expediesenbed in section 5.2.2 and the
two sessions described in this section). It was observddtiibdound average amplification
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value for the leg of these volunteers is in good agreemerit thié group average of the
ten volunteers (method A: 1.00 versus 1.02, method B: 0.4&uge0.48). This gives some
confidence that the average values of those two volunteerthdéoother body parts can be
considered to be representative for using in the model.

5.5 Validity of the new model for healthy subjects

The vasoconstriction relation as defined by equation (5a88 implemented in the active

model. In table 5.9 a complete overview is given of the vafoea®, that are used during the

simulations in the remainder of the thesis. The values ferfdlot, leg and arm are based on
10 subjects (see section 5.3.4) and for the head, shoulaegx, neck, abdomen, face and
hand, the values based on 2 subjects were taken.

Table 5.9: Values foraZ, as will be used in the new model.

Body part method B
head 0.31
face 0.51
neck 0.33
shoulder 0.44
thorax 0.22
abdomen 0.57
hand 0.67
armfy 0.19
leg t 0.45
foot 1 0.78

1 Value based om = 10, see table 5.6.

First, the sensitivity of the model for inaccuracy and iatasject variability of the vaso-
constriction amplification coefficients is examined by assvity analysis. Then, the ex-
perimental and model results are compared for four diffeegperiments involving healthy
volunteers: the (partly) dependent experiments as destiibsection 5.2.2, two independent
cooling experiments performed by Van Ooijen et al. (20003)@&nd the protocol described
by Kurz et al. (1995a) (see also section 2.4). All validatsimulations use method B. As
a?s)i, Csh, ag, ; andCs® are fitted to the same data, models A and B give approximately t

same predictions.

5.5.1 Sensitivity analysis of model coefficients

The sensitivity of method B for inaccuracies and intersebjavriability of a2 was tested
by assigning random values faf, with w;+SD; to a person with the standard anatomy
characteristics (height 1.71m, weight 73.5 kg and a fatqreege of 14%). The average
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valuey; for each body part was based on table 5.9. The standard idegdor the foot, leg
and arm were taken from table 5.7. For the other body partawbage percentage deviation
with respect to the mean value per body part was used (ctdduléth the help of table 5.8),
because due to the limited data no well-founded argumestsio assume that standard
deviation divided by the mean value @, of the body parts differ from each other. This led
to SD;=0.2u; for the other body parts. This procedure was repeated 1Gfsfinesulting in
100 different body property input files. For each input filesitaation was simulated where
initially body temperature was completely stabilized unitiermoneutral conditions (3C)
and then room temperature was changed ttC2for 60 minutes. It was assumed that the
person wore underwear, t-shirt, short trousers and lay dowa stretcher. Mean results and
standard deviation of core and mean skin temperaturesea @i figure 5.8. From this, it
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Figure 5.8: Sensitivity of core temperature and mean skin temperature to inaccueaaie
intersubject variability ir2,. Average (SD) results are shown for 100 persons with standard
anatomy, exposed for 60 minutes to a temperature 8€2@nd with randomly assigned
values forach_,i using a normal distributiore represents core temperature andepresents
mean skin temperature.

emerges that interindividual variations and inaccuraicies’, led under these circumstances
to a typical standard deviation of 0Q in core temperature and a standard deviation ¢f®.2
in mean skin temperature. As these variations are of the eatiee as the accuracy of the used
modelling method (see section 2.2.3 ) and of the temperaemsors, the found variations
are considered to be acceptable.
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5.5.2 Dependent experiment
Cooling from 27°C to 20°C

The protocol as described in section 5.2.2 was simulateld thé model. Summarized: 10
subjects lay in semisupine position for 90 minutes in a roé278C, followed by a period
of 120 minutes at an ambient temperature 0f@0Subjects wore underwear (0.04 clo), a
pair of short trousers (0.06 clo) and a t-shirt (0.09 clo)erage body characteristics: length
186+ 8 cm, weight 77.#11 kg and fat percentage 1%:8.9%. Results of simulation and
experiments are given in figure 5.9(a). In order to see thednfte of the active system, also
a simulation was run for the same case with only the passivdemsee figure 5.9(b).

It can be seen that core and mean skin temperature resuiis siftulation in figure 5.9(a)
lie within the standard deviation interval of the mean terapgre measurements, except for
the core temperature in the last 10 minutes. Here simulateditemperature is 0.05-0.90
out of the standard deviation range of the measurements.

In figure 5.9(b), it is seen that core temperature errors ang karge when only the passive
model is used. Core temperature errors in the last 5 minugearaund 1.8C. Mostly, skin
temperature is within the standard deviation range of thasmements, but is not as good
as skin temperature predicted with using the active modetaBse of the lack of vasocon-
striction, skin temperature in the cold predicted with tlasgive model is higher than in the
model with the active part.
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Figure 5.9: Warming-cooling cycle as described by the protocol in section 5.2.2las
lated with (a) method B and with (b) the passive modlando represent experimentally
assessed core and mean skin temperature, respectivelpd —— represent the core and
mean skin temperatures following from the simulation, respectively.
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5.5.3 Independent experiments

Three independent data sets were used for validating thelnbeta were based on exper-
iments from Van Ooijen et al. (2004, 2005) and Kurz et al. 869 Because relation (5.16)
was based on skin temperature ranges between roughly“D-8& mainly considered tem-
perature data in that range.

Cooling from 21.5 °C to 15°C

In the first experiment of Van Ooijen et al. 11 subjects wengosed to a temperature of
21.5°C for 60 minutes, while lying on a bed, wearing a sweater (€I87, trousers (0.28
clo), underwear (0.04 clo) and socks (0.02 clo). Herealftertémperature was decreased to
a value of 15.0C, while the subjects stayed in the same position with theesgamments for
an additional 180 minutes (Van Ooijen et al., 2005). The a&yerength of the 11 subjects
was 1.82-0.11 m with a mean body mass of 7&8.2 kg and a fat percentage of 229.7

%. Results are shown in figure 5.10.
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Figure 5.10: Cooling cycle as described by the protocol in Van Ooijen et al. (2008).
ando represent experimentally assessed core and mean skin temperespestively. —

and—— represent the core and mean skin temperatures following from the siomylee-
spectively.

Initially, core temperature predicted by the model is witthe standard deviation range
of the measurements. However, fresil20 min core temperature in the model is decreasing
while the measured core temperature stays at the sameAevetjuation (5.16) was based on
mean skin temperature between 30-34nd in this experiment the mean skin temperature
decreases till lower values than°®Q it is unknown if equation (5.16) holds. Plausibly, the
Cs values are higher than the maximum value 1 that can beneldtaiith equation (5.16).
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Lying in the cold with and without blanket

In the second independent experiment, 11 subjects weresedpo a temperature of 130
while lying on a bed covered by a blanket for 30 minutes. Afftext period, the blanket was
removed and the subjects had to remain on the bed wearinguodigrwear for a final 60
minutes (Van Ooijen et al., 2004). The average length oféhestibjects was 1.840.09 m
with a mean body mass of 6748.6 kg and a fat percentage of 1#8.6%. The blanket is
modelled with the help of clothing parameters given in apipeB.3, using the values for the
cotton drape. Results are given in figure 5.11.

Core temperature error over the whole period was abod0.8lo explanation exists for
this, but it is remarkable that the core temperature of tHenteers is around 37°€ in the
measurement series, while in the other two data series eongdrature was around 360
The simulated skin temperature is at the upper and loweewafiihe standard deviation of
the measured mean skin temperature. Partly, this could éeoddifferences in temperature
regulation, but possibly, better knowledge of used blahkats and accompanying clothing
model values and environmental conditions can lead to dereble improvements of the
mean skin temperature results.
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Figure 5.11: Cooling cycle as described by the protocol in Van Ooijen et al. (2008).
ando represent experimentally assessed core and mean skin temperegpestively. —

and—— represent the core and mean skin temperatures following from the siomylee-
spectively.

General anesthesia

With help of the complete model the protocol of Kurz et al. 499), see section 2.4, is
resimulated. In short: nine healthy males (10804 m, 7411 kg and 18&4% fat) were
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administered general anesthetic drugs and exposed to atmuperature of 22 for six
hours. In the first two hours the propofol induction was 1&Bg~'h~!. According to Kurz
et al. (1995a) this dose was reduced after 2 hours. No valsenweationed in literature, but
in the simulation an arbitrarily chosen dose of [fgkg~'h~! was used. In figure 5.12 it
is seen that the new results, including the vasoconstnictiodel, much more resemble the
measurement results of Kurz et al. (1995a) (see figure 2 .fh@) the simulation results with
only the passive model. After six hours, the core tempeeatietrease was 36, which
was also found in the measurements. In the last hours of tn@aion, core temperature is
still decreasing while in the measurements of Kurz et al. atelu occurs after four hours.
This can on the one hand be explained by the assumptions #rat wade regarding the
administered dose of drugs in the second stage. On the athdr thwas seen that mean skin
temperature in the simulation in the last four hours was betw28 and 30GC, which is lower
than the specified working range (3028 of the vasoconstriction model. The small increase
in core temperature after two hours is caused by the deciedteod drugs concentration,
which allows the activation of vasoconstriction.

— passive model
@ passive with 30% metabolic reduction |
- total active model

-1 0 1 2 3 4 5 6
Elapsed time [h]

Figure 5.12: Simulation of the protocol as performed by Kurz et al. (1995a), se® als
section 2.4.

5.6 Validity of the model for cardiac surgery under moderate hy-
pothermic conditions
With help of the newly developed vasoconstriction moded, pinotocols of aortic valve re-

placement and coronary bypass surgery, as described inrsdct are repeated. The vaso-
constriction tone relation as given by equation (5.17) wssduwith the standardized core
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temperature as error signal. At each time point the momgstandardized core temperature
was calculated with equation (5.15) and compared to the manesetpoint value. This
setpoint value, that represents the momentary threshaldsafconstrictionfore stand,0) IS
calculated with help of the pharmacological model as dbsedrin chapter 4. The vasocon-
striction threshold that follows from equation (4.30) issddor the standardized vasocon-
striction threshold ¢ore stand,0 at that time step.

5.6.1 Aortic valve surgery

The protocol of the aortic valve surgery was simulated againg the simulation values as
outlined in section 4.7 but using the new vasoconstrict@ations as derived in this chapter.
Core temperature and mean skin temperature results ofapeise model of chapter 4 and
new model are visible in figure 5.13. Local skin temperatofdbe head, lower leg, foot and
lower arm are shown in figure 5.14.

In figure 5.13, it is seen that the sawtooth profile at the enstade 1, that occurred when
using the stepwise model, does not occur for method B. Thearsida temperature in stage
3 is also somewhat smoother for method B than for the stepwisgel. In figure 5.14 only
subtle differences in local skin temperatures of the legt &md arm are observed between
method B and the stepwise model. However, the skin temperafithe head considerably
improved in stages 1, 2 and 3 when using method B instead stépevise model.

5.6.2 Coronary surgery

The simulation was run again for the coronary surgery (foaitks see section 4.7) and using
method B as vasoconstriction model. Core and mean skin tetupes predicted by the new
and old model are shown together with the measurement déiguie 5.15.

Again, the biggest difference between method B and the $sepwodel is that the sawtooth
profile in stage 1 has disappeared.

5.7 Discussion of model achievements

Core temperature and mean skin temperature of the partlgndiemt data set were better
predicted by the model than the independent datasets of Wger(Cet al. (2004, 2005). Core
temperature of the dependent data set and of the first indepeexperiment were underes-
timated by the model in the last minutes, while in the secowgpendent experiment core
temperature predicted by the model was lower during the evbgptle.

Skin temperature of the dependent dataset agreed verywitlir{ 0.5°C), while in the inde-
pendent experiments a larger deviation (typical1between simulation and experimental
results was found. The larger initial deviation in the inelegent experiments (.6 at the
begin situation and maximaPC in the remaining period) than in the dependent experiment
might be explained by the fact that in the dependent datéffeetsawere made to precondition
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(a) Method B (b) Stepwise model
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Figure 5.13: Aortic valve surgery obtained with (a) model of chapter 5, method B, (b)

stepwise model (chapter 4)l and o represent experimentally assessed core and mean
skin temperatures, respectively. and —— represent the core and mean skin temperatures
following from the simulation, respectively.
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Figure 5.14: Predictions of local skin temperatures of the (a) head , (b) lower lgg, (c
foot (d) lower arm.—, —— ande represent skin temperatures obtained with method B, the
stepwise model of chapter 4 and the measurements, respectively.
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(a) Method B

(b) Stepwise model
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Figure 5.15: Coronary surgery obtained with (a) model of chapter 5: method Bth¢)
stepwise model (chapter 4)l and o represent experimentally assessed core and mean
skin temperatures, respectivelt. and—— represent the core and mean skin temperatures
following from the simulation, respectively.

the subjects to a thermoneutral condition by a light exerbisfore the start of the measure-
ment. In the independent data sets no preconditioningtsfieere made. When simulating
the protocols of the independent data sets, it was assuraedtttimes=0 the subjects al-
ready were at 21°% and 13C for 15 minutes before the measurements started, resplgctiv
However, it can not be verified if this actually was the caseérdithe experiment. This could
be a reason for the somewhat higher discrepancy in the indepeexperiments. When com-
paring model predictions to experiments, it is thereforersily recommended to conduct the
experiments under controlled laboratory conditions antktahe subjects acclimatize in a
thermoneutral environment.

Especially, the core temperature calculated by the mod¢hé&ofirst independent experiment
has a tendency to decrease more than the experimentalssagseore temperature at the end
of the studied period. The fact that relation (5.16) was dasemean skin temperatures be-
tween 30-34C while in experiment of Van Ooijen et al. skin temperaturesrdase till lower
temperatures might have contributed to this discrepancyeWising the model for colder
temperature ranges, more efforts are needed to elabomt@stnelation to other tempera-
ture ranges, and if necessary also develop and implemetrbtequations for cold-induced
thermogenesis and shivering which might play a role in loi@erperature ranges.

With the help of the complete model, including the drug-disgendent active model, the
protocol of Kurz et al. (1995a) has been resimulated. It viisve that the results obtained
with the complete model much more resembled the measurads/gthian simulation results
obtained with only the passive model.

In figures 5.13 and 5.15, it was observed that using the negigldped vasoconstriction
model did not lead to big differences in absolute tempeeatuicomparison to the stepwise
model when simulating a cardiac surgery. Only when body txatpre was around the
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threshold temperature for vasoconstriction (end of stggéhe new model with method B
responded much better. While the stepwise model showed aathwtrofile in calculated
temperature, the new model gave smooth results. From figae § was seen that skin
temperature of the head was predicted much better with twenmzdel, but other skin tem-
peratures did not change much. The better response of tldenhight be explained by the
higher perfusion of the skin of the head and the higher aftarrival temperature of the blood
in the same, because of the absence of counter-currenttubainge.

By comparing the passive model, the passive model with tB& &@luction in metabolic
rate (results discussed in chapter 3), the stepwise molap(er 4) and the refined model
with 30% reduction in metabolism (chapter 5: method B), it ba seen that results of last
three models give core temperature results that differtleess 0.2C from each other and
skin temperature predictions that differ less thar?G,6i/hen simulating cardiac surgery at
moderate hypothermic conditions. The difference betwéenpassive model without the
metabolic rate reduction and the other models is much bi@geto 1.0°C difference in core
temperature). The refined model (with method B) gives sneratbsults without sawtooth
profiles than the stepwise model and gives also better pieakcfor the skin temperature of
the head. The flexible methods that are used for developagaboconstriction model make
it also possible to use model B for healthy people with a ndtimermoregulatory system.
This can not be accomplished without an active model. Howé@waust be stressed that this
model is only derived and mainly tested for mean skin tentpega in the range from 30 to
34°C and that outside this temperature range, the validity isenfied.

Overall, it is thought that the model is suitable to give temgture predictions of healthy
persons and patients undergoing surgery at temperatungsdiemoderate hypothermia and
normothermia, with skin temperatures ranging between 8®B4rC, regardless of the surgi-
cal trauma.
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CHAPTER O

Additional applications of the computer model

6.1 Introduction

Mathematical whole body temperature models are usefus toajuickly estimate the temper-
ature response of the body due to changes in environmemédlt@mms. In contrast to most
other thermal models, that can only describe thermal ressoof humans with an intact
thermoregulatory system, the current model can also be fasgmitients with an impaired
thermoregulatory system caused by anesthesia. The madelsaoffers possibilities to use
it also for a broad spectrum of other applications involviagoconstriction response. The
model can be utilized for both healthy volunteers and ardigéd patients under circum-
stances in the range from thermoneutral conditions to wasidction, where no shivering
or non-shivering thermogenesis occurs. In this chaptenesmodel applications are demon-
strated. The following situations are considered:

e deep-cooled (1°C) cardiac surgery patients
e orthopedic back surgeries with large surgical wounds.
¢ the effect of changing temperature protocols

1. cooling the head during deep hypothermic cardiac arrest

2. comparison of old and new cardiac surgical procedureddenate versus mild
hypothermia

3. affect of changing temperature protocols on afterdrégr @irdiac surgery under
moderate hypothermic conditions
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Simulation results are compared to experimental data, exenpossible. For the deep-
cooled patients, simulation data are compared to expetahdata available in literature.
The simulations of patients undergoing orthopedic surgeeycompared to data that were
collected in the academic hospital in Maastricht (AZM) dgra short experiment involving
3 patients.

6.2 Cardiopulmonary bypass at 17°C

The computational model was used to mimic a deep-cooledagasdrgery involving circu-
latory arrest. The use of deep hypothermic circulatorysaige a method of cerebral protec-
tion was first described by Griepp et al. (1975). This techaigllows the surgeon to work
in a quiet, bloodless field uncluttered by proximal clampd gerfusion cannulae (Chong
et al., 2004). Deep hypothermia reduces the metabolic fakeaentral nervous system and
lengthens the period of tolerated ischemia, mainly of tterprduring the circulatory arrest
period. This type of surgery consists of five stages: 1) thestresia stage 2) the cooling
stage with the heart lung machine 3) the circulatory arresbd, without blood circulation
4) rewarming with help of the heart lung machine 5) the pgsdlsg stage. In figure 6.1 the
risk for brain damage as function of brain temperature andtohn of cerebral ischemia is
depicted (figure taken from Prétre and Turina (2003)). Itlearseen that reduction of brain
temperature and swift surgery help to prevent brain damage.

brain
temperature [°C]

T
80
duration of cerebral ischemia [min]

Figure 6.1: Consequences of circulatory arrest in relation to temperature antiatucd
cerebral ischemia. The light color depicts the periods of safe circylatoest. The dark
color depicts the periods of obligatory harmful circulatory arrest. Taesitional area de-
picts the periods where the risk and extent of brain damage are depemdide conduct of
surgery and pharmacological intervention. The light gray area is atihi@ with reversible
deficits, while the dark gray area is associated with irreversible injuriesiré-tgken from
Prétre and Turina (2003).
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In the simulation the temperature protocol as described d&jgkRet al. (1999) was em-
ployed, as outlined below. Since additional impairing theregulatory effects occur during
deep cooling, the thermoregulatory part of the model wasrel¢d to make it suitable for
simulating extreme cold.

6.2.1 Protocol

Rajek et al. (1999) collected temperature data of eightepttiundergoing thoracic aorta
graft procedures. The patients (mean body characteristigight 83.6 kg, height 172 cm, fat
percentage 35.6%) were cooled during cardiopulmonaryss/ma minimal nasopharyngeal
temperature of 16:81.1°C. Bypass flow was set to 21min~'m~2. Towards the end of the
surgery, patients were rewarmed to a nasopharyngeal tatopeof 36.8C. The fluid-blood
gradient was kept around@. Patients were covered by standard surgical draping; tieac
surface warming was used during the study period. No inftonavas available about the
temperature in the operating room, but for the model sinaratve made the assumption that
the surrounding temperature was’€1(this was the approximate room temperature in other
experiments of Rajek et al. (2000) ).

During the thoracic aorta graft procedure, deep hypotteainculatory arrest is applied in
all patients with an average duration of2Bmin. The activity and oxygen need in the brains
should then be completely abolished. By depressing theregtbolism, the body’s cells can
survive 30 minutes to more than one hour without blood flowrduthe surgical procedure.

6.2.2 Model adjustments for extreme cold

Once the body core temperature has fallen beloWC2&e ability of the body to regulate tem-
perature is lost (Guyton and Hall, 1996). The body is not &rgapable to react to the cold
by adjusting the thermoregulatory tone or by shivering.sTgrocess is also known as 'cold
paralysis’ (Ivanov and Arokina, 1998). At a low temperatuaetivity of ATP-synthesizing
enzymes sharply decreases. This suppressés €ansport from the cytosol into the ex-
tracellular space. In this way, calcium ions accumulatehm ¢ytosol. This impairs cell
metabolism and paralyzes cell function. Unfortunately/itevature was found that reports
on the re-establishment of the vasoconstriction respoftsecaold paralysis. Therefore, the
assumption was made that when core temperature is highe2&&, the vasoconstriction
recuperates back to normal.

Hence, the thermoregulatory part of the model as describelddpter 4 and 5 is extended
with an extra condition:

o If Teore stand (t) < Toore stand,0(t) aNATabdomen,core (t) > 28°C then the vasoconstric-
tor tone is given by:

Cs(t) = 0.5(1 + tanh(—2.76 (AT core stand (t) + 0.47) (6.1)

with A:Z-’core,stamd (t) = Tcore,stand (t)_Tcore,stand,()(t)y see equations (428) and (430)



102 Additional applications of the computer model

o If Teore stand(t) < Teore,stand,0(t) @NAT abdomen core (t) < 28°C then the vasoconstric-
tor tone is absent: C§ = 0.

o If Tcore7stand (t) > Tcore,stand,O(t> thenCS(t) =0.

Deep hypothermic cardiac arrest is arbitrarily modelleddegreasings; = pncpwy ; t0
1/100% of the base line value, since some Brownian fluid motiil still take place.

6.2.3 Results

The core and mean skin temperature results of the simulatiercompared to the experi-
mental observations of Rajek et al. (1999) (see figure 6.Rhulation results are based on
average body characteristics of the patient group.
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Figure 6.2: Simulation and experimental data of thoracic aorta graft proceduresilé&s
tions consist of four stages: 1. anesthesia stage 2. cooling with hegntnlachine 3. deep
hypothermic cardiac arrest 4. warming with help of heart lung machipe&bypass stage.
W ando represent experimentally assessed core and mean skin temperaspegtively.
— and —— represent the core and mean skin temperatures following from the siomjla
respectively. Errorbars denote the standard deviation of the expeghresults. In the si-
mulation, it was assumed that vasoconstriction after cold paralysisablisees completely
when core temperature is higher thar? €8

In the anesthesia stage (1), the cooling stage (2), durimtjecaarrest (3) and the rewarm-
ing stage (4) good agreement was found between core terapem@edicted by the model
and found in experiments. In the postbypass stage (5), @dn that core temperature after-
drop is overestimated by the model (approximately C)5
The modelled skin temperatures initially follows the pattef the measured skin temperature
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quite well, but in the cardiac arrest stage, the rewarmiagesind the postbypass stage the
deviation between model and experimental results incest@sabout 3C. In the rewarming
stage the deviation becomes smaller, but in the postbypeags the deviation again increases
to approximately 2C.

Reasons for the deviation between model and experimersialtseare the large uncertainty
of the experimental boundary conditions as data was cellelsy other researchers and the
assumptions that were made about the elimination and abledtment of the vasoconstric-
tion response during cold paralysis. Moreover, the activdehthat was derived in chapter 5
was based on skin temperatures in the range from 3096 ,34hile the skin temperature in
current case decreased even till°’ITs

Additionally, a simulation was run in which it is assumedttttee re-establishment of the
vasoconstriction response after cold paralysis takesepa@ higher temperature than the
start temperature of cold paralysis. This temperature wagarily chosen to be 3&. This
means that in stages 3 and 4 cold paralysis takes place, diuihtetage 5 vasoconstriction
again works. Results of this simulation are shown in figuB @&s can be seen in the fi-
gure, core temperature and mean skin temperature are nowdh oloser agreement with
the measurement results compared to the previous assumptiis example demonstrates
the possibilities of the model to use it for examining unkngwocesses. Obviously, more re-
search is needed on this topic, but the model shows that ibis fikely that vasoconstriction
after cold paralysis re-establishes at a core temperafld@” € than at 28C.
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Figure 6.3: Simulation and experimental data of thoracic aorta graft proceduréke Isi-
mulation, it was assumed that vasoconstriction after cold paralysis didkeplace before
core temperature has reached@36
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6.3 Heat transfer during orthopedic back surgery

It is postulated that the developed model can also be usegkthcp transient temperatures
of patients undergoing hypothermic surgery without actieeling by a cardiopulmonary
bypass pump. Therefore, the model is used to simulate aaretyple of surgery. In chapter
4, it was seen that the model offers possibilities to mimig®al heat loss through the
surgical wound. Here, the model was used to simulate a surgeslving large wounds.
It was chosen to mimic orthopedic back surgery, as this tfmimery comprehends large
wounds and takes place without active on-pump cooling.

A measurement protocol was developed to obtain transiergeeature data of the skin, core
and wound surface during orthopedic back surgery.

6.3.1 Experimental protocol

Three patients were followed during orthopedic back sytg&he study protocol was ap-
proved by the Maastricht University Medical Ethical Contedt. All studied patients signed
an informed consent.

Prior to the surgery, the body fat percentage of the patiemats determined with the help
of skinfold measurements at the m. biceps brachii, m. tddefachii, subscapular and
suprailiacal (Durnin and Womersley, 1974). Also weight &eight of the patient were as-
sessed. Skin temperatures were collected at 1 minute &isamith the help of iButtons (Van

Marken Lichtenbelt et al., 2006) at: forehead, chest, almignscapula, lumbar, forearm,
hand, thigh (anterior and posterior), calf (anterior anstpoor), foot, toe and finger. Average
skin temperature was calculated according to the 12 poiighwed formula of Hardy/Dubois

(Mitchell and Wyndham, 1969):

T@kin = 0-O7ﬂ1ead + 0-0875Tchest + O-0875jﬂabdomen + 0-0875T§capula + 0-0875ﬂ11mba1'
+O-14ﬂower arm T O-O5Thand + 0~095Tthigh anterior T 0-095Tthigh posterior (62)
+O-065Tcalf anterior T 0-065Tca1f posterior + 0~07Tfoot

Finger temperature and toe temperature are measured befaaarm-fingertip gradients
and lowerleg-toe gradients are indicators of vasocotigm¢Rubinstein and Sessler, 1990).
Rectal temperature data were collected every 15 minutdsivelp of a rectal temperature
probe (HP21075A) with an accuracy of 8. An ambulant infrared camera (Thermacam
PM575) was used to make pictures of the surgical wound. Evitisa/as taken equal to skin
emissivity:e = 0.99. The pictures were taken for at least 4 times per hour, wiesrpssible.
Pictures were made from the head of the operating table i&tdsnon sterile area) from a
distance of approximately 1 meter and an angle of approein&0°with the horizontal. In

a short laboratory experiment, the temperature valuesfirad images were compared to
iButton temperatures. Skin temperature of wetted skin waasured simultaneously with
the infrared camera and iButtons, while the camera was glat@n angle of 3@ith the
horizontal. Under these conditions, the infrared camedaahigpical accuracy of 0°E.



6.3 Heat transfer during orthopedic back surgery 105

During the surgery, surgeons and anesthetists were fredidavftheir normal (temperature)
procedures. For active surface warming, forced-air hsatere used (Bair Hugger, model
522 Upper Body Blanket, Arizant Healthcare Inc.).

6.3.2 Simulation protocol

Surgery times and surgery protocols were all different amdi@signated time points could
be appointed for changes in external boundary conditioesic, for each individual patient
a separate simulation was run. The following assumptiorns weade:

e The pharmacological propofol model, as described in chidpieas used, regardless of
the drugs that were used in reality. It is assumed that akigéanesthesia have similar
effect on the thermoregulatory responses.

e The incision length equals the length of the abdomen segment
e Heat loss only takes place in radial direction.

e The model was run with 20 segments, as it is very complex togddhe number of
segments back and forth (from 19 to 20 and then again back)torh@ initial state is
represented by an open back element with a very small angleTthie 20th element is
the open back element, see figure 6.4.

)
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\/

Figure 6.4: Left: model of the abdomen element during the actual surgery corgsistin
a core, bone, muscle, fat, inner and outer skin layer. Right: modeleofvtund element
(element 20) consisting of core tissue and a blood layer.

e The back of the abdomen segment is opened/closed stepvagpiioximately 5 min-
utes to a maximum of 7% opening/closing rate is 2&in—!.

e To keep the surgery field surveyable, the shed blood is freueemoved from the
surface. In the model, it is assumed that the thickness dblibed layer is constant.
It is assumed that the time that it takes to remove the bloaduish smaller than the
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clotting reaction time (6-10 minutes (Guyton and Hall, 1996T'he amount of shed
blood that is removed is based on the blood loss during syfgea total of 0.8l blood
was removed in 350 minutes, whichds83-10~° 1s~! in a volume of1.7-10~°m?
(calculated volume of blood layer in the model). This leawlad, of 2.251m3s~ 1.

e The blood layer of the wound element has a thickness of 0.5 mrthe evaporation
model, the blood properties are chosen to be equal to wateeality, blood contains
55% plasma and 45% cells. Blood plasma consists of 90% watet @% dry matter.

e The convective, radiative and evaporative heat loss framatbund surface are given
by the relations as described in section 2.3.5.

e The temperature of the surgery light is approximately&0T his value was determined
with help of the infrared camera (Thermacam PM575). In theehdhis is accounted
for by setting the local wall temperature above the woundQtC5 This affects the
radiative heat loss.

6.3.3 Results

For all surgeries, the main temperature characteristidhef®urgery are detailed. Patient
characteristics are given in table 6.1. In case a forcedwimer was used, the simulation
was run with the submodel of the forced-air heater where #uk,rarms, hands, shoulders,
upper and lower back were covered.

A typical temperature image of the wound is depicted in figuEe Results of simulation and

experiments of surgery 1-3 are given in figures 6.6 to 6.8.
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Figure 6.5: Infrared image of the wound. The dark oval spot in the middle is thealrg
wound. The length of the shown incision is about 20 cm. The warm spathaunght to be
caused by reflection of the surgery light.

e Surgery 1
The first surgery was a decompression and backside sporedysddd-5-S1 surgery. At
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Table 6.1: Subject characteristics of the orthopedic back surgensy.

Patient 1 Patient 2 Patient 3

Gender (m/f) f m f

Weight (kg) 60 84 62
Height (cm) 168 172 167

Age (y) 46 40 41

BMI (kg m—2) 21.3 28.4 22.2
Fat% 32.1 18.5 33.8
BSA (m?) 1.68 1.97 1.70

t=0 min, anesthesia was induced;=a85 min the incision was made. Simultaneously,
forced-air heating was used with an air temperature 8€C42\t =195 min the forced-
air heater temperature was changed t6Gand att=340 min the surgery was ended.
Halfway of the surgery, the patient’s core temperaturedased and it was the expert’s
opinion that it could be due to fever. Results are given inrBdu6.
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Figure 6.6: Patient 1. temperature results of (a) core (typical measurementaagcof
0.1°C) (b) mean skin (c) wound surface (standard deviation in measutenas typically
<0.5°C and therefore hardly visible in the figureé¥»0 min: induction anesthesigs35 min:
incision and switching on forced-air heater with air temperature 9€48-195 min: forced-
air heater switched to 32, =340 min: end of surgeryw and— give the measurement and
simulation results, respectively.

e Surgery 2
The second surgery was a flexible spondylodesis L5-S1 surget=0 min, anesthesia
was administered, @50 min the incision was made and a forced-air heater was used
with an air temperature of 48. At t=160 min the surgery was finished. Results are
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shown in figure 6.7.
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Figure 6.7: Patient 2: temperature results of (a) core (typical measurementaagcof

0.1°C) (b) mean skin (c) wound surface (standard deviation in measutenas typically
<0.5°C and therefore hardly visible in the figuré30 min.: induction anesthesigs50 min:

incision and switching on forced-air heater with air temperature 85€43160 min: end of
surgery.e and— give the measurement and simulation results, respectively.

e Surgery 3
The third surgery involved an inspection spondylodesigesyr At¢=0 min induction
of anesthesia took place, @35 min the incision was made and a forced-air heater was
used with an air temperature of 43. At t=165 min the surgery was ended. Results
are visible in figure 6.8.

In general, the temperatures predicted by the model and dasuned temperatures were
in good agreement. Larger deviations were observed at theokesurgery 1, where core
temperature was underestimated by the model. In this petfiedexperts thought that the
patient developed fever. Fever and hyperthermic resparsasot included in the model. In
this way the large deviation in the rectal temperature irfitie stage is explained.

The deviations in wound temperature can to a large part bilboted to the high temperature
variation across the wound surface, that was observed iexperiments. At some points in
time, temperature variations of@ were observed between (blood-covered) tissue and spine.
In the model simulation, it was assumed that the wound seinfeas a homogeneous tissue
layer covered with a homogeneous blood layer. This can exphe differences between
model results and measurement results and also the higlastbaeviation that is sometimes
seen in the experimental wound surface data.

Till now, no studie has assessed wound temperatures in tsidwaimg surgical interven-
tions because of technical difficulties (Sessler, 2000)reHiewas shown, by means of on
the one hand infrared images and on the other hand modelat#tis, that it is possible to
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Figure 6.8: Patient 3: temperature results of (a) core (typical measurementaagcof
0.1°C) (b) mean skin (c) wound surface=0 min: induction anesthesi&gs35 min: incision
and switching on forced-air heater with air temperature 648-165 min: end of surgery.
e and— give the measurement and simulation results, respectively.

acquire information about wound temperature and heat Ibkxdel calculations show that
the typical heat loss from the wound (sum of evaporativeiatae, convective heat losses in
the open back element) is around 5 W. With a typical metabatie of 80 W, it can be seen
that the heat loss from the wound contributes to about 6%eofdtal heat balance.

6.4 Effect of changing temperature protocols

Mathematical human models are strong tools to investigeteffect of changing conditions
on body temperature. Before exposing patients to a diffggeatocol, the utility of the new
protocol can already be verified by simulations. Here, tlag@ication examples are consid-
ered.

6.4.1 Cooling the head during deep hypothermic cardiac arrest

In figure 6.1, it was seen that brain temperature during aardirculatory arrest is a major
factor for preventing the occurrence of brain damage. Tp kiee brain temperature as low as
possible, sometimes ice-packs are put on the head of mataring the period of circulatory
arrest. However, it is questioned if those ice-packs are @mbthange temperature in the brain
and if they are really effective. With help of the computerdab the effect of ice-packs on
brain temperature is studied. Additionally, the effect sing a higher ambient temperature
on brain temperature, without ice-pack cooling is investgl.

In the simulation, the temperature protocol as describeskntion 6.2 was exploited. In
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addition three simulations were run with an ice-pack cawgithe head during the period
of circulatory arrest. The temperature of the ice-pack veags0, -10C and -13C. Heat
transfer between the ice-pack and the skin of the head wasltaddy:

qy = hiccpack(Tskin,i - T‘iccpack) (63)

with the heat transfer coefficieht..pack @ssumed to be equal to the heat transfer coefficient
of a circulating water mattress (120m 2K !, see section 2.3.4). Perfect contact was
assumed between the ice-pack and the head.

[°Cl
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Figure 6.9: Brain temperature (5 cm below the skin) versus circulatory arrestidara

Results are shown of simulation without ice-packTat=21 and 24C) and with ice-pack
temperatures of 0,-10 and -5 (at7-=21°C).

In figure 6.9 calculated brain temperatures (5 cm below tiv® sis function of the time
without blood circulation are depicted for a surgery whesdae-pack was used and where
ice-packs with different temperatures were used. It was $eat ice-packs of 0, -10 and
-15°C reduce brain temperature after 30 minutes without citmreby 0.6, 1.0 and 1°Z,
respectively in comparison to no ice-pack cooling. When mepack is used the passive
body warms up because of the warmer environmental temperathis leads to higher tem-
peratures and consequently also to higher metabolic natéitissues, see equation (4.1).
As a result, brain temperature increases by 0.galso visible in figure 6.9). Increasing the
ambient temperature to 2@ instead of 21C, when no ice-pack is used, only leads to a brain
temperature increase of 03,

According to these findings, ice-packs are found to be aéffecEven small reduction in brain
temperature can give surgeons a few minutes more for thegicsth actions without introdu-
cing risk for brain damage, see figure 6.1. However, the infteeof ice-packs in comparison
to the pump cooling effect prior to the circulatory arresigs, is of course relatively small.
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6.4.2 Comparison of old and new cardiac surgical procedures: moderate ver-
sus mild hypothermia

Over the decades, there have been a variety of changes itatidpsints regarding tem-
perature management during surgery. Traditionally, matéeio deep hypothermia has been
thought of and used perioperatively as a strategy to redskefrcerebral and myocardial is-
chemia. Nowadays, however, it is often believed that kegpatients close to normothermia
leads to improved outcomes in patients undergoing all tgbssrgery, even cardiac surgery
(Insler and Sessler, 2006; Cook, 1999).

In the time period of this research, also shifts towards érigteri-operative temperatures
were observed in the hospitals where this research took |plldC and AZM, The Nether-
lands). While previously perioperative moderate hypothiei(23-32C) was the established
treatment for many cardiac surgeries, howadays often oilty mypothermia (32-3%C) is
applied. With the improvements of heart lung machines amadu#lution techniques, blood
circulation is almost equal as seen during intact circafatwhich reduces the risk for is-
chemia and makes the application of higher bypass tempesapwssible. The clinical im-
pression with using mild hypothermia is that postoperatiypothermia is less common and
less severe. In order to test if this effect is also seen imibdel, a simulation was run
for a patient that is cooled to 38. The surgery characteristics and patient morphology of
the standard situation are taken equal to the surgery teskcim section 4.7. Results of the
simulation using the new (3&) and old protocol (30C) are shown in figure 6.10.
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Figure 6.10: Transient core temperature as function of surgery time: compariStreo
new and old protocol.

The model simulations show that afterdrop can be reducegjozimately 0.8C when
using a mild hypothermia protocol instead of a moderate thgrmia protocol during cardiac
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surgery.

6.4.3 Influence of changing temperature protocols on afterdrop under moder-
ate hypothermic conditions

The model was used to study the effect of adjusting exteemaperature influences on after-
drop. The standard surgery characteristics and patienpmérgy are chosen according to
the surgery described in section 4.7.
Three situations were studied to examine the effect of @iffetemperature protocols on the
amount of afterdrop: 1) adding a forced-air warmer with artenperature of 43C in the
rewarming and postbypass stage, 2) perform the surgeryetaronmental temperature of
25°C, and 3) using a heating mattress with a temperature & 4iring the whole surgery.
Using a forced-air heater considerably improved core teatpee at the end of the surgery,
as shown in table 6.2 and figure 6.11. Increasing the temperaf the surrounding also led
to a higher core temperature, but was not as effective asdead heating. Using a heating
mattress resulted in a higher core temperature too. Ther latethod was more effective
than increasing the environmental temperature, but noffestige as the use of a forced-air
warmer.

Table 6.2: Parameter study: effect of changes in external model parameters.

Parameter When Teore(t = 250 min)
standard condition whole surgery 35.7

forced-air heater at #&  rewarming/postbypass  36.5

Too =25°C whole surgery 36.2

Tmattress = 40°C whole surgery 36.3

6.5 Discussion

In this chapter, some possible application areas are deratet$ of the whole body thermal
model that was developed. It was shown that the model is Hgtaapable to predict tem-
peratures during cardiac surgery performed at moderatethgpmia, but also gives good
predictions during deep-cooled cardiac interventiondwitculatory arrest and for surg-
eries where no heart lung machines are used, like orthogedieries. Furthermore, it was
shown that wound temperatures predicted with the modelnage@d agreement with mea-
sured wound temperatures. In the past wound temperatur@éeatdlux have never been
assessed experimentally in humans, because of techriifbelities (Sessler, 2000). Here, it
was shown, by both experiments and model simulations, tiepbssible to obtain relevant
information about wound temperature. Wound temperaturangwrthopedic surgery was
found to be typically 30C and by model calculations a heat loss from the surgical @oun
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Figure 6.11: Effect of external temperature protocol on core temperature dunodgrate
hypothermic conditions.

of about 5 W was found. The variation in experimentally deieed wound temperature
is explained by the large spatial differences across thend@urface. The obtained know-
ledge might help in the study of heat balance during surgedynaay in the future be helpful
for preventing wound infection and disturbed coagulationction, which depend on local
wound temperature.

The model is also a useful tool to study the effects of difigrand sometimes adjustable,
external parameters on the patient’'s temperature disiiuFor instance, with the help of
the model the effectiveness of using ice-packs to cool thmlgturing deep hypothermic cir-
culatory arrest was demonstrated. It was observed thag asince-pack with a temperature
of -15°C reduces brain temperature by 42compared to circulatory arrest without using
ice-packs.

Another use of the model is to study the effects of altereatmperature procedures during
surgery. Nowadays, there is a tendency to perform cardiggespat higher temperatures
than in the past. The model predicted that using mild hypatieinstead of moderate hy-
pothermia during a typical aortic valve replacement redwfterdrop by 0.5C.

The influence of changing external boundary conditions wsasessed with the model. A pa-
rameter study showed that using a forced-air heater, widmgpérature of 43C, increases
core temperature at the end of the surgery by ©,&ompared to a standard aortic valve
procedure with only passive insulation. Usage of a fordetieater prevailed over the effect
of a 3°C increase in environmental temperature, and also prevailer the use of a 4C
circulating water mattress. This shows the abilities ofttiealel to use it as a study tool.

The ultimate application of the model is to use it in such a e it helps clinicians to
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choose for each individual patient the temperature protbed gives the optimal temperature
response. This can help to reduce postoperative thernwirdfsrt for the patient and leads

to faster recovery times.



CHAPTER [

Conclusions and recommendations for further research

7.1 Conclusions

Patients often become hypothermic during and after surgeder general anesthesia. In
some surgical interventions, like cardiac surgery, ppgrative hypothermia is desirable, but
mostly it is an unwanted side effect of anesthetics. Forgmgrng unwanted hypothermia,
more insight is needed in heat transfer in anesthetized hsirmad the effect that different
temperature protocols have on temperature in the body.cidlyethe undesirable afterdrop
effect following cardiac surgery needs to be addressed gdhtof this thesis was to develop
a mathematical whole body temperature model that can prédidemperature of a patient
during and after surgery.

A heat transfer model for humans during surgery with geraamakthesia has been devel-
oped. This model consists of three main parts: the passineff@xible submodels and an
active part.

The passive part describes the geometry of the human badgagsive heat processes in
the body and the heat interaction between the body and thiament. Flexible submodels
account for the patient’s body characteristics and foediit thermal influences, like the use
of heart lung machine, forced-air heaters, a circulatintewanattress and heat loss through
the surgical wound. Model simulations with the passive phdwed that the contribution of
heat losses through the surgical wound to the total heatbala small during cardiac surgery
(about 3% of the total heat loss). During open heart surgesiergical wound heat losses are
therefore of minor importance. Furthermore, it was obsgrbat with a model that only
incorporates passive heat processes the core temperaspanse that occurs during normal
surgeries can not be mimicked. From this, it was concludatiah active model, which takes
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into account thermoregulation and metabolic rate changesglanesthesia, is inevitable.

For the development of the active part of the model, patiath dvas collected. Two
patient groups were followed during aortic valve surgernne@roup was rewarmed with
forced-air heating and the other group was covered with palsive insulation. From the
measurement data, it was concluded that forced-air heatersffective in reducing post-
operative afterdrop. However, using forced-air heatedsmdit lead to clinically relevant
improvements in deep peripheral temperature. The temperahd perfusion results suggest
that the majority of the extra heat from forced-air heateditiectly transported from the skin
capillaries to the heart and from there mainly redistridutethe core organs and not so much
to the periphery.

Comparison of the passive model simulation to the gathes&idmt temperature data showed
that the passive model can predict the general behaviouwrefand mean skin temperature
trends during an aortic valve surgery, but the quantitdtielkaviour is somewhat different.
Results considerably improve (error in core temperatuceedeses by aboufC in the anes-
thesia stage and postbypass stage) when the anesthesiadn@duction of metabolism of
typically 30%, which is reported in literature, is takenagtccount.

Vasoconstriction is the prime thermoregulatory responsg/pothermic anesthetized pa-
tients. The threshold at which vasoconstriction is triggedepends on the concentration of
drugs in the blood. With help of a pharmacological model dedrheasurement data of the
aortic valve patients, a relation was derived that desdrthe connection between drug con-
centration in the blood and the body’s threshold tempeedir vasoconstriction. As a first
approach the gain and intensity of the vasoconstrictiopaese were approximated by a step
function. This drug-dose-dependent vasoconstrictionehadd the reduced metabolic rate,
caused by anesthetics, were added in the human body modgi.tté model, simulation
results were obtained that typically predicted core andmsdn temperature within two
times the value of the standard deviation observed in thesarements. The amount of after-
drop was predicted within 0°Z. However, the stepwise model resulted in sawtooth-shaped
temperature solutions.

Perfusion and temperature data collected from healthynte&rs were used to quantify
the local amplification coefficients for vasoconstriction different body parts and the mag-
nitude of the centrally mediated vasoconstrictor tone. &tperiment was designed in such a
way that the skin temperature decrease was in the same raidgeiag surgeries performed in
the temperature range from normothermia until moderatetmgsmia. A general applicable
relation was formulated that described the vasoconsiri¢tine as a function of standardized
core temperature. Simulations performed with the humamtakemodel, including the newly
developed vasoconstriction relations, were comparedffereint data sets of healthy volun-
teers and patients undergoing cardiac surgery at modeyptghermic conditions. With this
model, smooth (i.e. no sawtooth) solutions were obtainedthé validation cases, it was
observed that predicted core temperature deviated typiless than 0.5C from measured
values, while mean skin temperature deviated typically than C.

The developed model offers a wide range of possibilitiesremdigct human body tem-
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perature under cold conditions, during which only vasot@i®n response is triggered. It
was demonstrated that the model can be used to simulateptaiaperature during deep
hypothermia with circulatory arrest and during orthopdutick surgery. Mostly, simulation
results were in good agreement with measured core and skjpetatures. The largest error
was the overestimation of the afterdrop after deep hypottzeby 1.5C. The probable rea-
son for this is that the thermoregulatory model, used in tia@yais, is not suitable for deep
hypothermia and recovery after cold paralysis. Predi@etperatures of orthopedic surgical
wounds agreed well with experimentally assessed wounddenpes (commonly around
30°C). A typical error between experiments and simulated wdentperature was found of
1°C. The heat flux through the surgical wound predicted by thdehwas found to be 5 W,
which is small compared to the whole body heat balance.

Finally, the model was used to study the influence of chantgngperature protocols. It
has been shown that using ice-packs during circulatorystheps to cool the brain and is
an effective remedy for reducing the risk on brain damagewals found that using mild
hypothermia instead of moderate hypothermia during carslimgery reduced afterdrop by
approximately 0.5C. Numerical calculations showed that using a forced-aatdreconsider-
ably reduces afterdrop and is more effective than using tirfgeanattress or increasing the
temperature in the surgery room.

7.2 Recommendations for further research

The model that has been developed is very extensive and ifouasl to be applicable to
various surgery types and for healthy persons under sperifiemstances. Nevertheless, the
model can be improved. In this section, some research patgpos model improvements
and suggestions for measurements and application fieldsttoe research are given.

The human body is represented by assuming that body partylardrical or spherical
shaped. In reality, the elements are more elliptical shapbich might effect the heat in-
teraction in the body and between the body and the envirohntarreira and Yanagihara
(2001) described a method to account for non-perfect @rcellement shapes and applied
coordinate transformation methods to turn elliptical wgirs to rectangular parallelepipeds.
It would be interesting to compare results using this apgrda the current approach.

The body parts between themselves are only connected vizetiteal blood pool. Un-
der predominantly homogeneous condition, this approatifsuffice. However, under non-
homogeneous conditions like frontal heating or local aapbr heating, methods need to be
found to link body parts together in the model. For this, expents are required that focus
on heat exchange of blood vessels that connect body parthe Imodel, a more detailed
vasculature system should be implemented, probably in #asimay as recently proposed
by Salloum et al. (2007).

The thermoregulatory model does not depend on the ratesielt whre and skin temper-
ature change. The drug-dependent vasoconstriction thicksskvere determined using data
taken during aortic valve surgery, while the gains and isitgrof the vasoconstriction per
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body part were determined using data obtained by exposihgteers to a cooling cycle
experiment. The extent to which time-dependent influencighthhave contributed to the
before mentioned obtained threshold and gain formulathowl to what extent they play a
role when using the model for simulating other situatiomsa® unclear (see also Sessler
(1993)) and should be investigated.

Another suggestion is to study the anesthesia induced aeref metabolism during
cardiopulmonary bypass surgery. In literature (limitedprmation is available of metabolic
reduction during general anesthesia. This information be&sed on indirect calorimetry
measurements of anesthetized volunteers that were tred@tedrtificial breathing. Indirect
calorimetry measurements can not be used during on-punipdgdoecause the respirator
is switched off. An alternative could be to measure pump flogether with oxygen and
carbon dioxide levels of the arterial and venous blood ardthis information to derive the
metabolic rate.

At this moment, impaired thermoregulation is coupled todhey concentration of propo-
fol in the blood. It is assumed that the administered drugshearepresented by propofol. In
reality, often a mixture of drugs is used, which can lead tggeirug interaction. Nonethe-
less, the typical venously injected anesthetics mixturggnd surgery roughly increase the
interthreshold range in a comparable and linear way. On therdand, commonly used
volatile anesthetics, such as isoflurane and desfluranesatecthe threshold temperatures
for cold responses in a nonlinear fashion. Currently, tlis-linearity is not implemented
in the model. In future, efforts are needed to elaborate tarmacological model for this
non-linear behaviour.

Some surgical procedures are not taken into account in tlelnlike the application
of iodine to the skin, which causes evaporative heat lose&wd surgery, or the fact that
frequently vasoactive medication is used to control blombgure. More insight should be
gained if including such information in the model is relelvah practical issue when adding
this information in the model is that those quantities amy yatient and also surgeon depen-
dent. Detailed information of the followed surgery protbisorequired when incorporating
that kind of information in the model.

Differences between experimental and simulation respoasecaused both by modelling
limitations and by experimental flaws. Modelling errorslime not only uncertainties and
assumptions that are made during the model formulatioredtagalso unaccounted param-
eter variations between human subjects (inter-subjeéati@ns), which can be high, and
effects influencing the same individual at different timegré-subject variations). Experi-
mental flaws involve limited accuracy of the measurementpgent and differences in used
protocols, like using different cooling and warming ratathwhe heart lung machine or not
using standardized temperature protocols prior to meamnts. Therefore, attention should
be paid to standardize as much as possible.

Parameter and tissue values in the model are mainly basedstimg and sometimes old
literature. Many of these variables, both in the passiveehadd active model, were not ac-
tually measureth vivo and their values were often deduced from indirect measuresmAs
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measurement techniques are improving, there are probab$jtplities to re-assess a number
of parameters and empirically determined relations usinegem measurement techniques
(like MRI/MRA, laser Doppler imaging etc.) or manikins.

Not much information is available about cold paralysis.slknown that cold paralysis
occurs when body temperature is lower than approximatelZ2But in literature no infor-
mation is found about the recovery of thermoregulatory @asps after cold paralysis. More
information is needed about thermoregulation during atetr &bld paralysis.

Before the model can be implemented in, for instance, arsadybr monitoring decision
system for using in a surgery room, the response and limitatof the human thermoregu-
latory model must be characterized in more detail. Methbdsilsl be developed to use the
model in such a way that only minimal and recent data inputdgiired, but that it is able to
predict the temperature response for the next period of tirhes information can be used to
alter the temperature protocol or compare the current pobto alternative protocols. More-
over, decisions should be made what the minimal desiredacgwf such a monitoring tool
must be for different application fields and if the developsatel satisfies the requirements
or needs further research.

The model’s application field can be extended much more bgldping active models for
vasodilation, sweating, shivering and non-shiveringriregenesis. In addition, the thermal
model can be coupled to thermal sensation and thermal commiogdels. In future, such
models can be very useful tools for the design of climateesgstand new energy-efficient
buildings.
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APPENDIX A

Setpoint theory and its alternatives

A.1 Introduction

The temperature setpoint of a body can be defined as theat¢elggteady-state body temper-
ature at which neither the mechanisms for heat eliminatmmtimose for protection against
cold are active (Schmidt and Thews, 1989). When using the setpoint in this connection,
itis as if it is pretended that a controlled variable exibg is intended to be maintained with
the smallest possible variation. In case of the thermaksyshe exact intention can not be
specified. One can only determine the constellation of teatpees at which the individual
control processes come into operation. Such analysisgeevhe threshold curves, most of
times expressed as combination of mean skin and core tetaperaf the thermoregulatory
processes .

In literature still a lot of controversies exist about théséence and use of temperature set-
points. Although Cooper (2002) states: 'it is generallyegated that the body temperatures
is regulated about a physiological setpoint’, still sel/ezaearchers question the setpoint the-
ory concept. This appendix tries to give an overview of tifeedgnt points of view on body
temperature control that are found in literature, stantitf the distributed parameter control
concept, the heat balance concept and the reciprocal iroigstion concept that do not need
setpoints and finishing with the basic engineering condeitis based on setpoints.
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A.2 Concepts

The distributed parameter control concept

According to Werner (1980), the regulated variable of huteamnperature regulation is cer-
tainly not a locally defined single temperature, it is prdpaimot heat flow and not mean

body temperature, but it seems to be a flexible and adaptatielgrative temperature signal
according to a distributed parameter control strategy.ofaiag to Werner, the regulator for
such a distributed parameter control strategy does not ax@gexplicit reference, neither in
the form of a neuronal signal nor in the form of the indiffereane. Negative feedback can
simply be achieved by an odd number of negative input/outglations of the subsystems
in the closed loop. The steady-state situation is then fdrimea quadruple of compatible
values for the affecter frequency, the effector frequettoy,controlled variable (like blood

flow, metabolism, evaporation and behaviour) and the teatpies. In figure A.1 this steady
state concept is illustrated. Here, temperature and affé@quency are negatively related,
while affecter-effecter frequency, effecter frequenoycolled variable (e.g. metabolism)
and the controlled variable-temperature are positivdpted. This fulfills the condition that

there should be an odd number of negative input/outputioelat In the figure it is seen that
arbitrary values (the dotted lines) do not yield a steadieqthe solid lines). However, the
crucial question that remains unanswered in this concepeiguantitative description of the
local receptor, its controller and the local effector atyiv

The heat balance concept

Another hypothesis of heat regulation is proposed by WeBBXL According to him, heat
regulation controls heat balance over a wide range of heasloSo, instead of temperature
control this concept is based on heat balance control. Heatd or from the body is sensed,
and physiological responses defend the body heat conteyat ¢ddntent varies over a range
that is related to heat load. Changes in body heat conter# deiep body temperatures.

For this concept, sensors should be available in the suditte body that sense the trans-
cutaneous temperature gradient. The physical arrangewmut consist of temperature
sensors just below the skin and one or more at deeper lewtsxperimental evidence of this
is not comprehensive. Also, the behaviour of such a heatdossoller is not understood.
But it is thought that such a controller is a continuous aalfgr, in contrast to a setpoint
temperature controller.

The reciprocal cross-inhibition concept

By Mekjavic and Eiken (2006) distinction is made betweerttie@moneutral zone and the in-
terthreshold zone. In the thermoneutral zone, defensedyf temperature is solely achieved
by changes in vasomotor tone. The thermoneutral zone wil vawidth as a consequence
of the influence of nonthermal factors (e.g. motion sicknésger and anesthesia). Once
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Figure A.1: Steady state concept of thermoregulation according to Werner (198@).
solid rectangular line determines the steady-state of the closed controll@cprry out the
control task, neither a reference signal nor a comparison of two oe mntroller inputs
are necessary, as the steady state reached is the only one which isepasddr assumed
circumstances. The dotted line demonstrates that arbitrary values doeftbn closed-

circuit, i.e. a steady-state (s

olid line).
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the capacity of the vasomotor response to maintain coreggatyre is exceeded, sweating or
shivering are activated. The core temperature, at whictetbffectors are initiated, is defined
as the thermoeffector threshold. The gain and the intestttold zone of these responses may
also be influenced by nonthermal factors.

According to this concept there is no support for likelihaddody temperature being regu-
lated at a precise level like in the setpoint concept.

Warm Sensors
(PW)

Activity

r Heat loss
Lt * (HL)

35

Cold Sensors
(PC)

(4 . , Heat production
: (HP)

Activity

Pre-RCI Post-RCI

Figure A.2: Visualization of the reciprocal cross-inhibition (RCI) concept, takemfro
Mekjavic and Eiken (2006).

Sherrington (1906) introduced the concept of reciprocabsiinhibition of sensor-to-
effector pathways. Wyndham and Atkins (1968) were the fitgh wcorporated this concept
in their human thermoregulation model. The most importeature of this model is the ab-
sence of a reference signal. The temperature is establish#te reciprocal inhibitions of
the heat production and heat loss pathways, see figure A.2.

According to the reciprocal cross-inhibition theory, theafferent information from periph-
eral and core temperature sensors provide the neural driveeit production and heat loss.
The excitatory drive in the heat production sensor-toetffepathways also provides an in-
hibitory drive in the heat loss sensor-to-effector pathvaayd vice versa. In this way, the
overlapping activity and temperatures of the cold and waenmsers can regulate the core
temperature, and therefore provides an alternative tcettp@mt theory (Mekjavic and Eiken,
2006). Although the theory is supported by some animal stydlis relevance in human ther-
moregulation needs to be elucidated.

The basic engineering concept

Temperature regulation in mammals is often treated in g@yaldth the classical control sys-
tems theory. Such engineering models assume that body tatapeis somehow compared
with a reference temperature, resulting in a temperatung signal, which then evokes ap-
propriate effector responses, see figure A.3.
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Figure A.3: The engineering control concept, that uses a reference signal.

The controlling system attempts to minimize the error sigih@reby ensuring that body
temperature is regulated at a certain setpoint. Althoughduestionable if this representa-
tion is physiologically correct, this type of control sysie are good didactic tools and are a
convenient approach for developing predictive models (&lék and Eiken, 2006).

Most existing thermo-physiological models, like the madef Stolwijk (1971); Gordon
(1974); Xu and Werner (1997); Fiala et al. (1999, 2001); banat al. (2002); Severens
et al. (2007a); Wan and Fan (2008); Wissler (2008) indeedhesbasic engineering control
strategy form for describing the active part in their modeid those models give reasonable
results.

A.3 Discussion

Till date, the phenomenon of thermoregulation has not beeptetely understood. In litera-
ture several different concepts are given about human trexgmlation, with different control
strategies. Nevertheless, at this moment no experimentakoretical evidence exists that
can point one of them as the best strategy. Therefore, whetri@s to incorporate an active
(thermoregulatory) part in a human thermo-physiologicabsi, it has to be decided what
control concept will be used. In this thesis, it was decidedge the basic engineering con-
trol strategy with setpoints, as this is the simplest, dsgrmost straightforward and most
used and successful method for modelling thermoregulatiso far.
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APPENDIX B

Properties of the passive part

B.1 Model properties of the different body parts

The model properties of the passive model, that are used ddehdevelopment in chapter
2, are summarized in table B.1 and B.2.

Table B.1: Model properties of the passive system, based on Fiala et al. (1@8@}h of
the cylinderL, counter current heat exchange coefficiepand heat exchange coefficients
for mixed convectiorh. mix With regression coefficients for natural convection;, forced
convectionas.. and mixed convection,ix in equation (2.4).

L ha he, mix

Element %1072 [m] [WIK] Anat afre Amix

1. Head * 0 3.0 113 -5.7
2. Face 9.84 0 3.0 113 -5.7
3. Neck 8.42 0 1.6 130 -6.5
4. Shoulders (2x) 16.0 0.4 5.9 216 -10.8
5. Thorax 30.6 0 0.5 180 -7.4
6. Abdomen 55.2 0 1.2 180 -9.0
7. Arms (4x) 31.85 1.0325 8.3 216 -10.8
8. Hands (2x) 31.0 0.285 8.3 216 -10.8
9. Legs (4x) 34.75 1.725 5.3 220 -11.0
10. Feet (2x) 24.0 1.7 6.8 210 -10.5

In table B.3 the number of nodes in each layer per sectouter radius of layer, thermal
conductivity k, densityp, specific heat, basal blood perfusion rate, and basal metabolic
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Table B.2: Sector properties, based on Fiala et al. (1999): sector @n(gee figure B.1),
view factor between sector and surroundifig, emission coefficient for radiatian

[ Psr €
Element Sector [deg] [-] [-]
1. Head forehead 10 1.0 0.99
head 170 0.9 0.8
2. Face all 210 0.9 0.99
3. Neck anterior 180 0.7 0.99
posterior 180 0.75 0.99
4. Shoulders all 130 0.9 0.99
5. Thorax anterior 150 0.8 0.99
posterior 150 0.95 0.99
superficialis 60 0.05 0.99
6. Abdomen anterior 150 0.8 0.99
posterior 150 0.95 0.99
superficialis 60 0.20 0.99
7. Arms anterior 135 0.75 0.99
posterior 135 0.80 0.99
medialis 90 0.10 0.99
8. Hands dorsalis 180 0.80 0.99
palmaris 180 0.10 0.99
9. Legs anterior 150 0.85 0.99
posterior 150 0.95 0.99
tibealis 60 0.10 0.99
10. Feet dorsalis 180 0.90 0.99
plantaris 180 1.9 0.99

anterior

posterior

N~

Figure B.1: lllustration of the sector angleg) of the leg.
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rateq,, are given.

B.2 Convective heat transfer coefficients

In current model, the convective heat transfer coefficiantsdefined according to the equa-
tion formulated by Fiala et al. (1999):

hc,mix = \/anat V Tskin - Too + QfrcVa,eff + Amix (Bl)

wherea,,, arc andan,ix are regression coefficients, as given in table B.1 ang; is the
effective relative air speed. In the table, it is seen thattgression coefficients are segment
specific.

In order to examine the results that are obtained with this#gn, the results were compared
to two other methods: the engineering approach for cormeaiound cylinders and the
model of Fanger (1973).

The fundamental nondimensional quantities describingethisonvection, where forced
convection is involved as well as natural convection, aeeNlisselt number (Nu), Prandtl
number (Pr), Rayleigh number (Ra) and Reynolds number (Régse are expressed as
follows:

D
Pr=" (B.3)
(6%
Ts in — Toc D3
Rap — 2205 ) (B.4)
av
Rep, — LactD (B.5)

whereh,. is the convective heat transfer coefficieWjn 2K ~!]; & is the thermal conductiv-

ity of the air Wm~'K~!]; D is the characteristic dimension of the body or the segment in
guestion such as diameter of cylindrical segments [nig; the kinematic viscositynh?s '],

a is the thermal diffusivity n2s~'], g the gravitational acceleratiomp—2] and 3 is the co-
efficient of volumetric thermal expansioK [ ']. The values of air properties are temperature
dependent and were based on Bejan (1993).

For natural convection flow, generally confined to air spdeder than 0.2ms~!, around

a cylinder positioned horizontally in a fluid reservoir, tNeisselt number is calculated as
(Bejan, 1993):

0.387Ra )/’ 2
et (O.559/Pr)9/16]8/27}
for 107° < Rap < 10*2. For natural convection of a vertically placed cylinder dhasselt
relation becomes:

NUp.hor = {0.6 + (B.6)

0.387Raj!° 2
]8/27}

Nupver = {0.825
o, { T (0.492/Pr) 9716

(B.7)
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Table B.3: Material and spatial properties, based on Fiala et al. (1999).
n T k p c wh Gm
Element Material x1072[m]  [W/mK]  (kg/m3)  [J/kgK] Vsm3] [W/m3]
Brain 3 8.60 0.49 1080 3850 10.132 13400
Bone 1 10.05 1.16 1500 1501 0 0
1. Head Fat 1 10.20 0.16 850 2300 0.0036 58
Inner skin 1 10.30 0.47 1085 3680 5.48 743.21
Outer skin 1 10.40 0.47 1085 3680 0 0
Muscle 1 2.68 0.42 1085 3768 0.538 684
Bone 1 5.42 1.16 1500 1591 0 0
Muscle 1 6.80 0.42 1085 3768 0.538 684
2. Face Fat 2 7.60 0.16 850 2300 0.0036 58
Inner skin 1 7.70 0.47 1085 3680 11.17 740.82
Outer skin 1 7.80 0.47 1085 3680 0 0
Bone 1 1.90 0.75 1357 1700 0 0
Muscle 2 5.46 0.42 1085 3768 0.538 684
3. Neck Fat 1 5.56 0.16 850 2300 0.0036 58
Inner skin 1 5.64 0.47 1085 3680 6.8 507.36
Outer skin 1 5.67 0.47 1085 3680 0 0
Bone 1 3.70 0.75 1357 1700 0 0
Muscle 1 3.90 0.42 1085 3768 0.538 684
4. Shoulders  Fat 2 4.40 0.16 850 2300 0.0036 58
Inner skin 1 450 0.47 1085 3680 1.01 744.28
Outer skin 1 4.60 0.47 1085 3680 0 0
Lung 1 7.73 0.28 550 3718 4.30 600
Bone 1 8.91 0.75 1357 1700 0 0
Muscle 1 12.34 0.42 1085 3768 0.538 684
5. Thorax Fat 2 12.68 0.16 850 2300 0.0036 58
Inner skin 1 12.8 0.47 1085 3680 1.58 677.3
Outer skin 1 12.9 0.47 1085 3680 0 0
Core 1 7.85 0.53 1000 3697 431 4100
Bone 1 8.34 0.75 1357 1700 0 0
Muscle 1 10.90 0.42 1085 3768 0.538 684
6. Abdomen  Fat 2 12.44 0.16 850 2300 0.0036 58
Inner skin 1 12.54 0.47 1085 3680 1.44 590.2
Outer skin 1 12.6 0.47 1085 3680 0 0
Bone 1 1.53 0.75 1357 1700 0 0
Muscle 2 3.43 0.42 1085 3768 0.538 684
7. Arms Fat 1 4.01 0.16 850 2300 0.0036 58
Inner skin 1 4.11 0.47 1085 3680 1.1 631
Outer skin 1 4.18 0.47 1085 3680 0 0
Bone 1 0.70 0.75 1357 1700 0 0
Muscle 1 1.74 0.42 1085 3768 0.538 684
8. Hands Fat 1 2.04 0.16 850 2300 0.0036 58
Inner skin 1 2.16 0.47 1085 3680 454 744.43
Outer skin 1 2.26 0.47 1085 3680 0 0
Bone 1 2.20 0.75 1357 1700 0 0
Muscle 2 4.80 0.42 1085 3768 0.538 684
9. Legs Fat 2 5.33 0.16 850 2300 0.0036 58
Inner skin 1 5.43 0.47 1085 3680 1.05 742.8
Outer skin 1 5.53 0.47 1085 3680 0 0
Bone 1 2.00 0.75 1357 1700 0 0
Muscle 1 2.50 0.42 1085 3768 0.538 684
10. Feet Fat 2 3.26 0.16 850 2300 0.0036 58
Inner skin 1 3.40 0.47 1085 3680 15 640.3
Outer skin 1 4.50 0.47 1085 3680 0 0
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for 107! < Rap < 102,
For forced-air convection around a cylinder oriented axeofuid flow, the Nusselt num-
ber is given by (Bejan, 1993):

(B.8)

mD forced = 0.3 O~62R632Pr1/3 Rep 5/8:| 4/5

1
[+ (0.4/P)23 7 L' T 282000

In a combined problem, in which natural and forced convechoth contribute, the mixed
Nusselt number can be approximated by:

mD7mixed = (Nu3D7forced + 1\111:“1’3,natural)1/3 (Bg)

Implementing equation (B.6) and (B.8) in (B.9) for a horitly placed cylinder and (B.7)
and (B.8) in (B.9) for a vertical cylinder leads to the mixeddselt number for the two
cylinder configurations. With help of equation (B.2) andngsthe obtained mixed Nusselt
numbers, the convective heat transfer coefficientan be calculated for the horizontal and
vertical cylinder cases.

Fanger's PMV (1973) model supplies the following approxiafor k. for the human
body under natural convection:

he = 2.38(Tan — To )4 (B.10)

The results of the three methods are compared for a wind sgée@5ms 1, at an environ-
mental temperature of 2C (typical wind speed and temperature in surgery theatrekio
temperatures between 20 and@5The values foti, ¢, ag andanmix Were set to 3, 200 and
-7, respectively (following from Fiala et al. (1999), sebl&aB.1). A typical diameter was
chosen of 0.20 m.

Results are shown in figure B.2. The three methods give eegtith the same trend
and of the same order of magnitude. In addition, the orderagmitude calculated with the
three methods showed good agreements with Stolwijk’s (1a3€umed natural heat transfer
coefficients that were in the range 0.66-6\05n 2K ~'. Equation (B.1) seems therefore a
suitable method for calculating convective heat transbeffecients.

B.3 Clothing parameters

The local heat transfer coefficietit, [Wm 2K '] of a clothing (including draping) ensem-
ble withm layers is computed in the model by the following relationgosed by Fiala et al.

(1999):
1

m 1
In)i+ 77—~
Z( Cl) fcl(hc,mix + hr)

i=1

Ua = (B.11)

with I, ; representing the local heat resistance ofittieclothing layerf.; the local clothing
area factor of then-th clothing layer and. .,ix andh,. the local coefficients for convection
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Figure B.2: Convective heat transfer coefficients as a function of skin temperatur
T-=20°C. From top to bottom: results from Fanger (1973), current modele@a@n Fi-

ala et al. (1999)), engineering prediction of vertical cylinder and ezgging prediction of
horizontal cylinder.

and radiation, respectively given by equation (2.4) anfél)(@nd using local values. In case
of a covered subject the convective and radiative heatdamsegiven by:

2
qconvectiorl+1’a(liation = UC] (Tskin - Too) (812)

In accordance with Fiala et al. (1999), the evaporativefmeft of clothingUg
[Wm~2Pa~!]is obtained using the local moisture permeability indgxthe local clothing
resistancd,, the clothing area factor of the-th clothing layer, the local convection coeffi-
cienth,. mix and the Lewis constant for air (Le=168%Pa ', for more details see Mclintyre

(1980)):
Le

S (I) L1
i—1 Lel i fclhc,mix

Values forl,, f. andi, as used in this research are given in table B.4.

Ug (B.13)

B.4 Determination of the forced-air heat exchange coefficients

For determining the heat exchange coefficiegtin equation (2.19), experiments were per-
formed using a forced-air heating blanket placed aroundlamiaium cylinder, with the
characteristic dimensions of a le§£0.35 m,D=0.15 m), in the same way as during surgery.
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Table B.4: Overview of relevant local parameters of used clothing/draping.

garment Iy [clo] § fa [l ier [1]
bed 0.90 1.20 0.29
sterile cover 0.83 1.20 0.49
cotton drape 0.78 1.20 0.49
short trousers 0.76 1.35 0.39
briefs 0.13 1.03 0.45
T-shirt 0.26 1.08 0.54
socks 0.69 1.18 0.60

11 ¢clo=0.155n2 KW ~!. Note that the clo-values are local parameters, in contrast to the often used glebelLiels.

In figure B.3 an overview is given of the measurement setupthadosition of the ther-
mocouples. The setup consisted of a tube-shaped forcéakating blanket, the aluminium
cylinder, a wooden block that helped to place the blanketénsame way as during surgery
and insulation material at the symmetry axis of the setujt,iaexpected that the right and
left side react the same. The temperature of the unit was ¢&C. It is assumed that &0

() (b)

[ U-shaped blanket slots with a
thermocouple

\ inserted
upper leg lower leg (test
(wooden block) cylinder)

insulation material

symmetry axis ‘ ‘

Figure B.3: (a) Measurement setup with aluminium cylinder representing the lower leg,
(b) Measurement positions of temperature with help of thermocouples.

min the temperature of the cylinder is homogenedus=1y), and that during warming the
temperature of cylinder stays homogeneous (the calculaimdwumber:% was<<1).
For a closed system that experiences zero work transfeffjrgtdaw of thermodynamics
reduces to:

= = pcV — (B.14)
The net heat transfer into the cylinder is given by:

q=hpA(Te = T) (B.15)

with h¢, the heat exchange coefficient. Substituting equation (Brii&quation (B.14) leads

to:
AT hpA

dt pcV

(T — Ts) (B.16)



144 Properties of the passive part

By integrating (B.16) and implementing the starting coiodis, the following relation is

found: T -
—Loo _ Lfa o
By taking the natural logarithm of (B.17), the equation igresented by:
T-Tw\ A
IH(M) = —hfapciv(t — to) (818)

As can be seen, equation (B.18) is a linear equation in tirheyevsteepness dependsion
With help of a temperature warming curve as function of tirhthe aluminium cylinder (see
atypical example in figure B.4), and using equation (B.18glae of forced-air warmer heat
exchange coefficients was found of 16&:0.3 Wm2K~! (Bertens et al., 2006).

(@)

i 2

10f T,

9)
=
B 30 /MM cylinder

(b)

9.8

g  -05F steepness -h, A/pCV

SISy v

& -1t e

Y s &%
-15} * 3
Y . . . . .
0 50 100 150 200 250 300
time [min]

Figure B.4: (a) Typical warming curve of the cylinder and air temperature in foi@ied
blanket as function of time. (b) Left hand side of equation (B.18) astfan of warm-
ing time. The steepness of the linearly fitted line is directly related to the hehaege
coefficienthys.

B.5 Evaporative heat losses from the wound surface
The mass flux of water that evaporates from the wound surgagiwén by (Bejan, 1993):

m'" = Em(pw - poo) (Blg)

with 7" denoting the mass flux ikkgm~2s~'], h,,, the mass transfer coefficienhf~'] and
p the mass concentration of water vaplgih—3]. The difference in water vapor density can
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be written as:

DPsat,w %)O) (B.20)

p

in whichps,; is given by Antoine’s equation, see equation (2.9) amglthe relative humidity.
The relevant properties of dry air at 2D and atmospheric pressure are (Bejan, 1993}
1.205 kgm ™3, v = 1.5-10"°m?s~ !, D = 2.7-10"°m?s~!. The mass transfer coefficient

h., is related to the Sherwood number, that is defined by:

Pw = Poo = 0-622pair(

—  hpnlL
wherev is the kinematic viscosity andl is the characteristic length of the plane surface:
A
L= 5 (B.22)

with A the area of the plane surface afidthe perimeter. Typical length and width of the
wound are 0.5 m and 0.08 m, which gives a typitaif 0.034 m.

It is assumed that air velocity in the wound cavity is nedligj and that only local variations
of vapour concentration induce a concentration buoyarfegef

For choosing the correct Sh-number, the mass transfer ighyteimber (Ra) has to be cal-
culated. This Ra-number yields:

— gﬁc(pw B poo)L3

Ran,
& vD

(B.23)

in which g is gravitational acceleratiom{s—2] and /3, is the composition expansion coef-
ficient which equals 0.54%kg ™" for an air/water vapor mixture (Bejan, 1993). At a typ-
ical wound temperature of 30C, an environmental temperature of°and a¢ of 40%,
Pw — Poo = 0.0247 kgm—3. From this follows that the Ra-numberig.99 - 103, which is
order of magnitude Q(- 10%). For hot surfaces facing upward, withia* < Ra,, < 107
the appropriate Sherwood relation, in accordance with gz &nd mass transfer analogy, is
(Bejan, 1993):

Shy, = 0.54Rap, /4 (B.24)

For the heat and mass transfer analogy to be valid, the foltpwelation must be satisfied
(Incropera and DeWitt, 2002):

Nu Sh
P = Sen (B.25)
with Pr representing the Prandtl number givenby-] and Sc the Schmidt number that is
equal tof [-]. According to (B.25) the Nusselt/Sherwood analogy Isdhicase the rati%
is approximately 1. For a water vapor/air mixture, thisgasi 0.86 (Bejan, 1993), which is
close to 1. Hence, it is decided that the analogy can be use¢hligccase.

Combining equation (B.19), (B.21), (B.23) and (B.24) gifesthe mass flux of water:

gﬂc(pw - Poo)L3
vD

D 1/4
/A - o
m" = 0.54 7 ( ) (Ppw — Poo) (B.26)
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The evaporative heat flux then yields:

= 11" A120 (B.27)

"
Qevaporation,water

with Ag20 the latent heat of vaporization of water.



APPENDIX C

Measurement techniques

C.1 Laser Doppler flowmetry

With the help of laser Doppler flowmetry, it is possible toessskin blood flow in a non-
invasive manner. A laser Doppler flowmetry instrument cstssof a light emitting part and
a detector. The light emitting part sends out coherent liglthe tissue. When coherent light
is scattered in tissue, a part of the light will be scatterngdnioving red blood cells. This
causes a shift in frequendy f, called Doppler shift, which is dependent on the velocity of

the moving red blood cellsf:
2un

Af=—-cosl (C.1)

Ao
Here,n is the refractive index of the mediumy is the wavelength of the incident light and
0 is the angle between the direction of incidence and the titireof scattering.

The detector will receive a mix of both the frequency broadklight and the light scat-
tered from static tissue. This mix will cause intensity fuations with Doppler frequencies.
Since the light is scattered in many directions, there wélino single Doppler frequency.
Instead, the detector will receive a whole spectrum. Thetsplepower density of the pho-
tocurrent,S(w), can be used to relate photocurrent to blood flow. Here, thalanfrequency
w is defined asy = 27 f. The momentV/ of order: of the power spectrum is defined as:

b
M; = / w'S(w)dw (C.2)

in which a andb are the bandwidth frequencies. Bonner and Nossal (1981)yeshthat
the first moment of the power spectrurl is linearly proportional to the root mean square
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velocity of moving red blood cells times the average coneioin of red blood cells. The
zero order moment€0) is proportional to the concentration of red blood celience, the
weighted first moment of the spectral power density defined as

M
le_ !

VA (C.3)

is proportional to the root—-mean—square velocity of the lykubd cellsm ~ M.
Since the Doppler device cannot present blood flow in absolatues (due to variation in
local tissue area, the used set-up, interindividual viaratime variation in capillary density
and absorbency), perfusion is expressed in terms of anpjpexfusion units (PU).

C.2 Skin temperature *

In this research, human skin temperature was assessededtiofiButtons type DS1291H
(Dallas Maxim), see chapter 3, chapter 5 and chapter 6. AttdBus a small (16x6 m#A),
rugged self-sufficient system that measures temperatdresgords the results in a protected
memory section. Afterwards, time and temperature data edrabsferred to a computer for
data analysis. Because of its small size and absence ofywiBnttons are particularly valu-
able for long-term and ambulatory monitoring. Accordingtte manufacturing company,
the temperature range of this type of iButtons is betweeéCland 46C with an accuracy
of 1°C and a precision of 0.12€. In a validation study, it was observed that iButtons per-
formed better than the specifications provided by the mawifar. An average accuracy of
0.09C was found, with a maximum deviation of 0@. A typical response time in water was
found of 19 seconds. But it must be noted that response tinteeoskin is probably larger
because the heat capacity and conductivity of water areshitjlan that of skin and only part
of the iButton is in direct contact with the skin.

Mean skin temperature: measurements

True mean skin temperature can only be obtained by obtaamrigfinite number of measu-
ring sites of temperature on the skin. However, in practiceimpossible to determine skin
temperatures over the entire surface of the body. Therafmaay formulas with various skin
temperature sites have been proposed to estimate meareskierature. An overview can
be found in for instance the papers of Mitchell and Wyndha®&6@) and Choi et al. (1997).
With help of those formulas, mean skin temperature can lzellzded from a limited number
of measurement sites.

In this thesis, the mean skin temperature, as presentedapterh5 and 6, is calculated by

*This section is based on:
Van Marken Lichtenbelt W.D., Daanen H.A.M. , Wouters L., keeek R., Raymann R.J.E.M., Severens N.M.W.
and Van Someren E.J.W. (2006). Evaluation of wireless detextioin of skin temperature using iButtori2hysiol
Behay 88:489-497.
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using the 12-point-weighted formula of Hardy and Duboist@¥ell and Wyndham, 1969),
which is given by:

Tskin = 0~07Thcad + O~0875Tchcst + 0~0875T‘abdomcn + 0«0875Tscapula (C4)
+ 0-08751_‘1umbar + 0-14ﬂowel' arm T+ 0~05ﬂ1atld + 0-095Tthigh anterior
+ 0-095Tthigh posterior + 0-065Tca1f anterior T 0-065Tca1f posterior + 0-07Tf00t

Attachment points of the iButtons are given in figure C.1.
In the aortic valve patients in chapter 3, the seven-poisitesy of Hardy and Dubois (1938)

Figure C.1: Locations where thermistors were attached during orthopedic backrgurg

was used, adjusted to a six-point system according (ledafimgontribution of the chest out,
because of sterility reasons) to:

T

S

kin* = (0~07Tforehead + 0~14Tposterior forearm T 0~05Thand+
0~1971anterior thigh + 0-13Tanterior calf + 0-07Tfoot)/0-65 (CS)

Mean skin temperature: model

When comparing model results to experimental results alfaysame body sites and for-
mula were used as during the experiment, given by equatiory énd (C.5). In case an
isolated simulation was run, where no comparison with érpantal data was performed,
always equation (C.4) was used.
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C.3 Ultrasound

Ultrasound imaging is a non-invasive measurement teclenilqat can be used to visualize
muscles, internal organs and blood vessels and to detetfmnsize and structure of the
same. The basic principle of ultrasound imaging is that pagating wave partially reflects
at the interface between different tissues. If these rédlestare measured as a function of
time, information is obtained on the position of tissue pasisg that the velocity of the wave
in the medium is known. Ultrasound is not only used to visagaltnorphology or anatomy,
but can also be applied to assess blood velocities. Theiplénaf velocity measurements is
based on the Doppler principle.

A sound wave is typically produced by a piezoelectric traicgd encased in a probe. The
sound waves have a frequency between 2 and 18 MHz. Matenalseoface of the trans-
ducer enable the sound to be transmitted efficiently intdbtbay (usually seeming to be a
rubbery coating). In addition, a water-based gel is placdd/ben the patient’s skin and the
probe. The sound wave is reflected or scattered at posititl@sentransitions in acoustic
impedances occur, caused by interfaces of different tissuetures. These reflections and
scattered waves return to the transducer.

Ultrasound waves returned from the body have two infornmat@rriers: reflection and scat-
tering. In case the dimension of the acoustic boundary lsygreater than the wavelength
of the sound wave, the wave is reflected. If the dimension @&itoustic boundary layer is
smaller than the wave transmitted, like blood particles,ulrasound wave is scattered in all
directions. The reflected power is typically 40 dB greatanthcattered power. The reflected
and back-scattered ultrasound pressure waves are trarexfdo radio frequent signals by a
piezo crystal.
This radio frequent signal can be visualized in differenysvaFor instance, the M-mode
displays the motion of tissue interfaces in one dimensioa famction of time. In this way,
vessel wall movement along one line through a vessel can lasured. In B-mode ultra-
sound imaging, a linear array of transducers scans a plaoagh the body. In this way
a two-dimensional image, for instance a blood vessel, cavidweed on screen, see figure
E.1(b).
As already mentioned, ultrasound can also be used in Doppbeile to assess blood flow
velocity. The ultrasound wave is emitted with a certain freracy f into the body, where it
is scattered by blood particles. The scattered wave has$eaatif frequency than the emitted
ultrasound wave, due to the Doppler effect. The differerete/ben the ingoing and received
frequency is the Doppler shift. The relation between the epshift A f of a particular
sample volume and the velocity of the blood particles in Wisimew is given by:

_ 2vcost

Af = f (C.6)

C

Herein, ¢ is the sound velocity of the medium afdhe angle between the emitted signal
and the velocity direction. In this way, velocity as a functiof time can be displayed (an
example of a Doppler ultrasound image is given in figure B)1(Bhe Doppler shift falls in
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the audible range and is often presented audibly usingostgreakers: this produces a very
distinctive, pulsing sound.

C.4 Fat percentage

Fat percentage is determined with help of skinfold measargsn Measurements are taken
with a special caliper by holding a fold of tissue with thet ldfumb and index finger at
specific sites on the body: at the m. biceps brachii, m. tsdamchii, subscapular and
suprailiacal (Durnin and Womersley, 1974). In each measarg, the thickness of a double
layer of skin and its underlying adipose tissue (but not Heusssue) is measured. Special
tables are available to convert the measured tissue trssksdo a body fat percentage.

C.5 Plethysmograpy

The principle of venous occlusion plethysmography is trgitieone-rubber capillary tube is
filled with mercury and is attached around a limb. Venous owtfrom the limb is stopped by
means of a proximally placed cuff that is inflated to aboveouspressure, but below arterial
pressure (typically about 50 mm Hg). The increase of volumiagto venous occlusion and
arterial inflow causes an increase in the girth of the limand a stretching of the capillary
tube. This induces an increase in gauge resist&ndeis possible by this method to measure
the change of girth of the limb during a certain time interamt to compute the change in
cross-sectional aregsiand in volume of the limb segment under the gauge, assumatdgtit
length of this segment has not been modified (Sigdell, 1968k results in:

AR AL AS

== 27 ~ < (C.7)
By means of a sophisticated electrical system (Michaux g1@¥9),k andA R are measured
at the same time. This permits the determination of the esestional area change or the
girth change due to arterial inflow. Often, plethysmograpégdings are expressed in ml
blood/(100ml tissuemin).

C.6 Heart rate variability

Heart rate variability (HRV) is a measure of the beat-totheaiations in heart rate. It is

usually calculated by analyzing a time series of beat-ti-beervals from an electrocardio-
graphic record. A common method for analyzing heart valitglidata is the application of

the discrete Fourier transform to the beat-to-beat inte¢ivee series. This provides an esti-
mation of the amount of variation at specific frequencies fiart rate variability power of a
normal healthy individual shows three major peaks: 1) a il@mfrequency peak (<0.04 Hz)
2) a low frequency peak (0.04-0.15 Hz) and 3) a high frequeaeak (0.15-0.40 Hz). The
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very low frequency peaks reflect the influence of circulatiegrohormones, thermoregula-
tory vasomotor tone and other slow variations in autonoraig@activity. The low frequency
fluctuations are mediated jointly by the parasympathetieaes system and the sympathetic
nerves system and the high frequency fluctuations are miediukyy solely the parasympa-
thetic system (Brenner et al., 1997). In this thesis, chaitgthe very low frequency compo-
nent of the heart rate variability are studied in order taobinformation about the activity
of the thermoregulatory vasomotor control system (chapter



APPENDIX D

Biological zero in laser Doppler flowmetry

D.1 Introduction

The biological zero problem is a critical issue inherentasdr Doppler flowmetry. Under
normal conditions the moving objects, measured with lasgydler flowmetry, are mainly
red blood cells, but white blood cell and platelets also Gbute. The laser Doppler device
does not react to fluid flow with a uniform refractive index Iswas blood plasma. On the
background there is also a false movement component duedolencells, vessel walls and
membranes. The manufacturer of the laser Doppler deviaa inseurrent study (Perimed
AB, Sweden) states: 'Under normal conditions, these falegement components are too
small to be significant’.

However, during complete vessel occlusion when the flow efcill drops to zero the laser
Doppler signal does not reach zero. As an example, when megdinger tip blood flow
during a complete proximal occlusion, a residual perfusialue of several percent of the
free-flow perfusion will be seen (Perimed, AB). In literauhis effect is often referred to as
biological zero.

Studies to the origin of the biological zero, point to thet fhat the residual movement of
the arrested blood cells are a large component of the bidbgero but that movements of
other aggregates in the tissue matrix may also contribige#oying degree, depending on the
circumstances under which the recordings are performeahf_et al., 1999). Other thoughts
about the failure of flow arrest mentioned in literature aketeral circulation through bone,
the continuous fluid flow into the lymphatic system or re-abaace into the capillaries,
and residual vasomotion (Kernick et al., 1999). But the galn®nsensus remains that the
biological zero signal primarily originates from Browniarotion and movement of red blood



154 Biological zero in laser Doppler flowmetry

cells (Kernick et al., 1999).

Knowledge of the biological zero is not very important wheroaegulation is being
assessed qualitatively. A decline in laser Doppler flux, tweecorrected or not, can be inter-
preted as evidence of declining perfusion (Richards eL885). However, when attempting
to obtain quantitative changes in perfusion the signal sotoe extent affected by the biolo-
gical zero. When considering equation (D.1) as used in sebti®.7 in which perfusion and
temperature values were related to each other by the folpeguation:

Wi AT;/10°C
— = Qay’ (D.1)

we see that the left hand side of the equation is affectedébitiiogical zero signal. Instead
of the% you wanted to use, you are actually using a signal in whiclobioal zero works

as an additive:
Wy, + Wh, zero

Wh,i,0 + Wh,zero
At low perfusion values, wherey, ; is small, the fractional contribution afy, ;... to the
numerator of equation (D.2) can be of interest. To get mos@ht in the biological zero
problem and the way to deal with it, a literature survey wasied out. In addition, a pilot
experiment was performed to determine the occluded periusilues using cuff occlusion.

(D.2)

D.2 Literature

Experiments

Many experimental studies have been done on the questiotherttbe biological zero flux
should be subtracted from the normally measured flux sighbbot and Beck (1993) rec-
ommend that the biological zero should be measured whepessible and practicable using
temporary occlusion. Also Kernick et al. (1999) suggest &asure biological zero under
each experimental condition by occlusion. They also fotadl the biological zero decreased
linearly with decreasing temperature. In contrast, Janssal. (2007) found that the temper-
ature effect on the biological zero was not significant intdraperature range 16-normal
skin temperature at the forearm or palm. Richards et al.§lPfoposed a linear relation
based on regression between arterial blood flow measurbdiltiasound measurements and
cerebral laser Doppler measurements to derive the biadbgéro when measuring brain per-
fusion.

When trying to determine the biological zero by using ocdndby cuff compression also
other problems occur. The displacement of arterial blooaud{ compression may cause
a transient increase in flow, while changes in interstitiaidfldue to cuff compression and
venous occlusion may effect the concentration of intéasstatterers and might change the
biological zero value (Kernick et al., 1999). Leahy et a@42) argue that when attempting to
determine biological zero by occlusion, it must be ensunedi@rterial and venous occlusion
occur at the same time in order to have similar blood volumeke tissue as during normal
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conditions.

Numerical investigation

In literature, also numerical studies were found that feedson the biological zero problem.
Zhong et al. (1998) motivated that the movement of movingdlcells is decomposed into a
net translation and a random wandering (the latter reptieggtine biological zero). With the
help of Minkowski’s inequality and probability density fetions, he mathematically proved
that the suggested subtraction of the biological zero iswzatlid operation and will certainly
cause underestimation of blood perfusion. Zhong et al.§1L88d later also Binzoni et al.
(2004) proposed theoretical alternatives to subtractithledical zero from the laser Doppler
flowmetry data, based on pure mathematical analysis. In@kobal.’s paper, a clinical exam-
ple was shown to indicate the mistake (up to 50%) that is mawEnvgimply subtracting the
biological zero (see figure D.1). The theoretical knowledfgescribed in their papers, should
help manufacturers to improve the design of future laserdisdlowmetry instruments.
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Figure D.1: From top to bottom: measured perfusion, calculated perfusion acgoralin
Zhong et al. (1998) and perfusion value when simply subtracting thedialozero. Perfu-
sion values are taken of the fingertip while holding the hand at severahdéstabove the
heart level. The biological zero flux is measured with an inflated pressuf. Figure taken
from Zhong et al. (1998).

D.3 Measurements

In a short experiment we measured the occluded perfusiare \atltwo positions: 1) under
the big toe and 2) at the forearm. The cuff was placed aroumécuikle for situation 1 and
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around the upper arm for situation 2. A cuff pressure of 300kgnwhich was the maximal
pressure in reach of the used cuff, was applied. Three ssl{emales, 1 female) participated
in this study. All of the subjects (male 1: age 34, 1.96m, 98kagle 2: age 25, 1.86m, 73 kg,
female: age 27, 1.74 m, 63 kg) also have undergone the canlitig described in chapter 5.
Occlusion measurements took place at room temperaturesukijects wore normal clothing.
Results of the maximal and minimal observed perfusion wbfehe cooling cycle and the
occluded perfusion value are given in table D.1.

Table D.1: Occlusion measurements results of 3 subjects: 2 males and 1 femalimaflax
and minimal observed perfusion values of the cooling cycle are gsered as the occluded
perfusion value.

subject location max. perfusion value  min. perfusion value cluated perfusion value

1 (m) toe 320.6 5.4 1.7
arm 25.5 4.7 2.4
2 (m) toe 202.0 6.0 1.6
arm 17.8 3.0 1.7
3(f) toe 58.4 2.7 0.8
arm 14.0 3.9 2.0

From table D.1 it follows that the occluded value contrilsubetween 0.5-14.2% to the
maximal perfusion signal, and between 26.7-51.2% to theémaihperfusion signal in the 3
subjects. These occluded values represent thus the dueae=d upper limits of the fractional
contribution of the biological zero to the laser Dopplemsiy Reasons for that are:

o the pure mathematical arguments of Zhong et al. (1998) anzdBi et al. (2004), that
reject the validity of subtracting the biological zero.

e occlusion measurements took place at room temperaturés thlei minimal perfusion
value was obtained at lower temperatures. According toikket al. (1999) this might
lead to overestimation of the biological zero.

¢ the design of the cuff only allowed gradual inflation. Thisang that venous occlusion
started earlier than arterial occlusion, which can leaddodbaccumulation and to an
overestimation of the biological zero value.

D.4 Discussion

Although some investigators recommend to always subtnadbiblogical zero from the mea-
sured value, no good working practical guidelines existiitam indubitable biological zero
values. In literature, often raw laser Doppler signals ass@nted, also in more quantita-
tively oriented studies. We and other investigators stieigdnether to subtract a polluted and
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overestimated occluded perfusion value from the laser oggnal or only present the raw
data.

In table D.1 it is seen that the occluded values that were anedsanged from 0.8-2.4 PU,
while Janssen et al. (2007) observed values in the range724@5PU with similar measure-
ment equipment. After studying the perfusion data in chaptat was observed that one
subject had a calf perfusion of 0.7 PU obtained at ambienpégature of 20C. When sub-
tracting the occluded perfusion values found in this studje study of Janssen et al. (2007),
it would lead to negative perfusion values, which are imjies

Because all the unsolved obscurities about the biologiead Bssue, we think that it is yet
not possible to subtract the biological zero in a good, atast way. Therefore, in this thesis
all laser Doppler perfusion data are the raw perfusion daleere no efforts were made to
subtract artificially obtained biological zero values. Bug are aware of the fact that results
are subject to a deviation caused by the biological zero.
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APPENDIX E

Leg blood flow calculations

E.1 Pulsatile flow

In order to derive the amount of leg blood flow with help of $piaformation of centerline
and vessel diameter, as is the case in chapter 3, we need torgaeeply into understanding
pulsatile blood flow. Womersley (1957) developed relatitas describe pulsatile Newtonian
flow in a rigid straight tube.

For analyzing the flow, the Navier-Stokes and mass consemnvatjuations are considered in
a cylindrical coordinate system, which yields:

Ovr | g, 20 4y, 20 ——E@Jr”(g(lé( ))+82w)

at " ar T e T p or ar\rare 022

Ov, Ov, Ov,  10p 10 0 0%v,

o e = e (G g ) v 5r) €D
10 ov,
rarun) gy =0

The average velocity in tangential direction equals 0, sonlomentum equation and all
derivatives ing-direction are omitted. For fully developed ﬂog?é = 0 andv, = 0. This

leads to:
v,  10p v I, Ov,

o~ po: o)
Defining the dimensionless velocity a5 = %, the dimensionless length a5 = 1 and
2* = %, the pressure can be scalegas= p{;z and the time can be scaledds= wt, with

V andw characteristic flow velocity and the dominant flow frequemegpectively. Omitting

(E.2)




160 Leg blood flow calculations

the asterix gives the equation of motion as:

v dp 10,6 ov
2 4 _ et - z
ot Re@z - r or (r or ) (E3)
with Re the Reynoldsnumber given by:
Re = il (E.4)
14

anda the Womersley number defined as:

o= R\/f (E.5)

Two dimensionless parameters are involved: the Womersimper () defining the ratio
of the instationary inertia forces and the viscous forcabtae Reynolds numbeRg). In
table E.1 the Womersley numbers for several sites in thei@rsystem are given, where the
following blood properties are used in the calculation: aaiyic viscosity ofy = 3-1073
Pa-s andp = 1069 kgm 3. The kinematic viscosity:() is given by:

y=F (E.6)
P
The values in the table show that in the aorta and in the laggties the flow is expected to
be inertia dominated and in the arterioles and capillatiedlbw will be friction dominated.

Table E.1: Estimated Womersley number at several sites of the arterial systehdratiee
first harmonic of the flow. Assumptiong: = 3-10"2 Pa-s,p = 1.069-10% kgm 2 and

f=1Hz.
R [mm] al]
aorta 10 15
large arteries 4 6
small arteries 1 15
arterioles 0.1 0.15
capillaries 0.01 0.015

In case we consider the vessel wall as a rigid tube with rafiuge can impose the no
slip conditionv,, (R, t) = 0 as boundary condition at the wall. Further we assume:

N ~
ap _ apn einwt

Fy o (E.7)
n=0
and
N
Uy = Zﬁz,neinWt (E8)

n=0
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By substitution of equation (E.7)-(E.8) in the equationt itk@scribes the flow (E.2), analytic
solutions can be derived for each harmonic. Superposifitimese solutions then will give a
solution for the flow velocity because (E.2) is lineawin

Implementing equation (E.7) and (E.8) in equation (E.2)dge

0%v,(r) vou.(r) . _10p
V=52 + o iwv,(r) = PR (E.9)

Womersley’s solution (Womersley, 1957) for one componétttis linear form of the Navier-
Stokes equation for flow in a rigid, untapered artery reads:

. i Op Jo(i*/2ar/R)

v.(r) = PRrE 1- o a) (E.10)
The end solution can be obtained by superposition of all barcs of the signal.
According to Tarbell et al. (1982) and Tsangaris and Stergms (1988) in case the pressure
gradient is not known, hemodynamic variables can be cakdifaom flow or from centerline
velocity with the inverse Womersley method. The velocitgfipe in terms of the centerline
velocity is then written as:

. P Jo(i%?a) — Jo(i%/2ar/R)
v(r) = Uc[ o) =1 } (E.11)
with v, the centerline velocity in axial direction. The flowratehgh given by:
i3/20,J0(i3/20) — :3/2
oo [P 2o (iV ) — 21 (% %)
a) = ©R%.| e a) - | (E.12)

Superposition of all flow harmonics leads to the total flgw

Data processing

The blood flow for each measurement was computed using tlevfob procedure. The
centerline velocity output (e.g. figure E.1(a)) was impoiteMATLAB 6.5 (the Mathworks).
A dedicated program was made to derive the flow rate from theesored centerline velocity.
First, the velocity waveform was decomposed by Fourieryamial The centerline velocity
signal is then written in the following complex exponentalst Fourier Transformed shape:

o0

f&y= Y F(k)e™' = % - Re[z 2F(k)eiwkt} (E.13)
k=—o0 k=1
with

F(k) = 5 (A —iBx) (E.14)

1
2
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Figure E.1: (a) Centerline velocity output of the duplex device, (b) Diameter measeme
of the femoral artery. Blood flow through the vessels is depicted in blEo& measurements
took place 1 cm from the bifurcation as is shown in the picture.

and
9 [T/2
Av =7 / F(B)cos(wit)dt k=0,1,... (E19)
T J 72
9 T/2
By, = / F)sin(wit)dt k=0,1,... (E.16)
T J_7/2

The solution of the velocity for a single harmonic pressuradggent is given by equation
(E.10). However, because the pressure gradient was nouneelaghe velocity profile was
calculated using the centerline velocity with help of theeirse Womersley method, as given
by (E.11), while the flowrate was determined with help of @.1n figure E.2 an example is
given of a flow profile (one heartbeat) in the femoral artery.

Evaluation of used assumptions

Equation (E.12) is based on rigid, straight tube walls. Gamhall errors are made when us-
ing this equation in our situation because the measuredrdigin was small~(5%) and the
tapering angle of the femoral artery is small. The distem$ound in the current research
was in agreement with data collected from dogs by McDonad&%}, in which a maximum
expansion at the end of systole was found to be less than 5%thanfinding of McDonald
was that at the time of the maximal expansion (end of syst@lg|s at its maximum and

is maximum) flow is at a minimum, or is retrograde. Therefohe, error that will be made
by assuming the diameter of the artery constant will be small

In the inverse Womersley theory the convective terms in)(&@& omitted. For tapered vessels
this may lead to errors (Cezeaux and Van Grondelle, 1997)e&l& showed that the errors
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Figure E.2: Velocity profile as calculated with equation (E.11).

that are made when tapering is neglected are much smalldrddemoral artery (taper angle
dog is 0.18) than for the thoracic aorta (taper angle 0.7)38t therefore seems justified to
use the relatively simple flow calculations based on therse&/omersley methods to get
estimates for the leg blood flow.

Another simplification made in our calculations is that lwladscosity was kept constant. In
reality, blood is a non-Newtonian fluid, and its viscosityiga under differing shear con-
ditions and under different temperature conditions. Ferrtiore, fluctuations may occur in
hematocrit-level during cardiac pulmonary bypass, whisb anight have affected viscosity.

E.2 Non-pulsatile flow

During the main intervention to the heart, patients are eoted to the heart lung machine.
The heart lung machines that are used during this reseagch centinuous flow instead of a
pulsating flow. This leads to a continuous blood pressureauitsystolic and diastolic stage.
Consequently the second ultrasound measurements shoady senterline velocity, with a
constant vessel diameter. The following estimate is madéh®Reynolds number:

v.D

Rep = ~ 750 (E.17)
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with = 3-107%Pa-s = 3-10 3 kgm's~ 1, p = 1069kgm =3, v = 2.8-10"%m?s !,
D =7-10"3mandv. = 0.3ms! . The flow entrance length is given by Bejan (1993):

X
5 =~ 0.05Rep (E.18)

This gives an entrance length &f ~ 0.25 m. As shown in figure E.1(b), the diameter
of the vessel was measured at 1 cm before the bifurcationeirattery femoralis. This is
approximately 30 cm from the position where the artery comifi@ac splits into the right
and left femoral artery. We therefore consider the flow antieasurement position as a fully
developed laminar flow. In that case the volume flow equals:

7R* dp

1
Q= S ds TR upi = 5WR%C (E.19)



Samenvatting

Modelleren van Onderkoeling bij Patiénten die een Oper@iielergaan

Door het gebruik van anesthetica wordt de warmtehuishgugam mensen verstoord. Bijna
alle patiénten aan wie anesthesie is toegediend rakenla@dér Onder normale fysiologi-
sche condities wordt de temperatuurgradiént tussen kepegferie geregeld door tonische
vasoconstrictie. Door toediening van anesthetica vererirde vasoconstrictie-reactie. Zo-
doende vindt er warmteherverdeling plaats tussen de waemmedn de koude periferie. Dit
leidt tot onderkoeling. De warmtebalans tijdens openlpataties verschilt van die van an-
dere type operaties doordat bij hartoperaties het licha@tactief wordt gekoeld met behulp
van een hart-longmachine. Op deze wijze worden het hart dreiienen beter beschermd.
Een nadeel is dat bij het opwarmen met behulp van de hartviangine meer warmte ge-
transporteerd wordt naar het kerncompartiment dan na#éepeweefsel, hetgeen leidt tot
grote gradiénten tussen kern en periferie. Door internendetrerverdeling na afkoppeling
van de hart-longmachine ontstaat "afterdrop’: een temparaafname van de kern. After-
drop vertraagt het herstelproces van de patiént. Daarommiger inzicht nodig in de veran-
deringen in thermoregulatie onder invioed van anesthedieeeffect dat diverse warmtepro-
tocollen hebben op de temperatuurverdeling in het lichaam.

Het doel van dit proefschrift is het ontwikkelen van een catepmodel dat in staat is
om de warmtehuishouding tijdens anesthesie te beschrijvaarbij de nadruk ligt op hart-
operaties. Het ontwikkelde model bestaat uit drie delefitet passieve gedeelte, waarin een
vereenvoudigde beschrijving is gegeven van de menselg&engtrie door middel van diverse
segmenten bestaande uit meer lagen en waarin alle passaeveewisselingsprocessen zijn
verdisconteerd, 2) een actief gedeelte waarin thermoséigidls functie van de hoeveelheid
anesthesie is gemodelleerd en 3) submodellen, waardoordulijk is om specifieke rand-
voorwaarden van de operatie en patiént in het model mee temem

Warmteoverdracht in het passieve stuk is gemodelleerd eteilp van de 'Pennes bio-
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heat’ vergelijking. Deze vergelijking is opgelost door g&k te maken van ruimte-en tijds-

discretisatieschema’s. Er zijn randvoorwaarden gefoeema om warmteverliezen door gelei-
ding, convectie, straling en ademhaling te beschrijvenrd&ezijn er situatie-specifieke

submodellen ontworpen om de thermische invloed te besenrijan de hart-longmachine,

warmtedekens, warmtematrassen en warmteverlies door e wo

Voor de ontwikkeling van het thermoregulatiemodel waregeyens nodig van patién-
ten. Hiervoor werd een klinisch experiment uitgevoerd wgdwee patiéntgroepen werden
bestudeerd die een aortaklepoperatie ondergingen: éép grerd opgewarmd met behulp
van warmtedekens en de andere zonder. De groep die opgewasthet warmtedekens
bleek een significant kleinere afterdrop te vertonen.

Het actieve model is afgeleid door een pharmacologisch htedeombineren met de
meetdata van de aortakleppatiénten. Het pharmacologisclelns gebruikt om de propo-
folconcentratie (een vaak gebruikt anestheticum) in heedluit te rekenen. Anesthetica
verlagen de drempel voor vasoconstrictie op lineaire wijgeoenemende plasmaconcen-
tratie. Door gebruik te maken van het pharmacologisch mexlele vasoconstrictiedrempel,
die gevonden was in de aortakleppatiénten, is een relajedead waarin deze grootheden
worden gekoppeld. Als eerste benadering zijn de verstgskictor en intensiteit van de
vasoconstrictiereactie als een staprespons gemodelBierdodel is gevalideerd door voor-
spelde temperaturen van het model te vergelijken met expetele temperatuurdata.

Vervolgens is er een methode ontwikkeld om de vasocoristétaties van het ther-
moregulatie model te verfijnen. Het bleek mogelijk te zijn denintensiteit van de centraal
overgebrachte sympathische vasoconstrictor tonus enag@ntionele distributiecoéfficién-
ten van de verschillende lichaamsdelen te bepalen. De kikeidie methode is gebruikt in
een studieprotocol waarin gezonde vrijwilligers deelnamBij hen is op drie lichaamsde-
len gemeten. Aanvullend zijn er gedetailleerde metinggnrrijwilligers uitgevoerd om de
proportionele waarden van de overige lichaamsdelen tddrepdet verfijnde model is geim-
plementeerd in het totale thermische model van het mekgelijaam. Het complete model
is gevalideerd door het te vergelijken met experimenteta gan gezonde vrijwilligers en
van patiénten die een hartoperatie hebben ondergaan. &idesheen bleken de simulaties
goed overeen te komen met de metingen.

De voorspellende waarde van het ontwikkelde model is ooksgatoor andere typen
operaties, zoals voor orthopedische rugoperaties enekepife operaties waarbij de circu-
latie wordt stilgezet. Tot slot is het model gebruikt om hié¢a te bestuderen van diverse
temperatuurprotocollen, zoals het gebruik van warmteatgkbet verhogen van de omge-
vingstemperatuur, het gebruik van warmtematrassen ofdietigken van milde hypothermie
in plaats van gematigde hypothermie.

Het model is in staat om temperatuurreacties te voorspefiargezonde vrijwilligers en
patiénten die een operatie ondergaan bij een temperatiligtiiussen gematigde hypother-
mie en normothermie met een huidtemperatuur tussen 30%h 24s de randvoorwaarden
en begincondities goed bekend zijn voorspelt het model deédmmperatuur met een typische
afwijking van minder dan 08 en huidtemperatuur met een afwijking van minder d&m.1



Summary

Modelling Hypothermia in Patients Undergoing Surgery

Anesthesia causes substantial perturbation in the humainblatance. Nearly all patients
administered anesthesia become hypothermic. Under ngrhyaiological conditions, the
core-to-peripheral temperature gradient is maintainetbhic vasoconstriction. By the in-
duction of anesthesia, vasoconstriction is impaired. ldeheat redistribution takes place
from the warm core to the colder periphery, leading to hypotha. The heat balance du-
ring cardiac surgery differs from most other surgery typethat the body is also actively
cooled by means of a heart lung machine to provide extra gioteto the heart and the
brain. A drawback of rewarming with help of the heart lung triae is that heat is trans-
ferred to the core compartment more quickly than to the perigl tissues, leading to large
core-to-periphery gradients. After decoupling the heaglmachine, internal redistribution
of heat causes afterdrop: a decrease in temperature of tae Aéterdrop slows down the
patient’s recuperation process. Therefore, more knovelésigeeded about the impaired ther-
moregulatory system during anesthesia and the effect fefrdift protocols on temperature
distribution.

This thesis focused on the development of a computer mod¢lishable to describe
heat transfer during anesthesia with the emphasis on casdigery. The model that was
developed consists of three parts: 1) a passive part, whigs @ simplified description
of the human geometry by means of a multi-segmental, maytled representation of the
body, and that takes into account all passive heat transé@epses, 2) an active part that
takes into account the thermoregulatory system as funcfiohe amount of anesthesia and
3) submodels, through which it is possible to adjust theeyrgnd patient specific boundary
conditions.

Heat transfer in the passive part was modelled with helpePtnnes’ bioheat equation.
This equation was solved using spatial and temporal digat&in schemes. Boundary con-
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ditions were formulated to account for conductive, convectradiative and respiratory heat
losses. Specific submodels were designed to model the theritnences of the heart lung
machine, forced-air heaters, heating mattress and thddssahrough the wound.

For the development of the thermoregulatory model, patieté was required. To that
end, a clinical experiment was conducted. Two groups of@walve patients were studied:
one group was rewarmed with and one group was rewarmed wittsing forced-air warm-
ers. A significant reduction of afterdrop was observed ingtoip that was rewarmed with
forced-air heating.

The active model was derived combining a pharmacologicaletand the data of the aor-
tic valve patients. The pharmacological model was usedItaulzde the propofol (the most
often used anesthetic agent) concentration in the bloodsthetic drugs lower the threshold
for vasoconstriction in linear proportion to increasedspia concentration. A relation was
derived between the anesthesia concentration calculatedhelp of the pharmacological
model and the vasoconstriction threshold found in the aesive patients. As a first ap-
proach, a stepwise response was used to model the gain anditytof the vasoconstriction
response. The model was validated by comparing tempesapueglicted by the computer
model to experimental data.

A method was developed to refine the vasoconstriction oelatof the thermoregulatory
model. It was possible to determine the intensity of theredigtmediated sympathetic vaso-
constrictor tone and the proportional distribution coéfits for vasoconstriction on different
body parts. The method was used in a study protocol involkgggthy volunteers for three
body parts. In addition, detailed measurements were peddmon volunteers to obtain pro-
portionality values for the other body parts. The refinedeasstriction model was added in
the whole body thermal model. The complete model was vaitiagainst experimental data
of healthy subjects and cardiac patients and showed in gegeod agreement.

The validity of the model was tested for other types of surgee. orthopedic back
surgery and deep hypothermic surgery with circulatorystri€inally, the model was used to
study the effect of different temperature protocols like tise of forced-air heaters, increas-
ing the environmental temperature, using heating matigess using a mild hypothermia
protocol instead of a moderate hypothermia protocol.

Overall, the model is able to predict temperature respaoidesalthy persons and patients
undergoing surgery at temperatures between moderatelgpua and normothermia, with
skin temperatures ranging between 30 antiG34f the boundary conditions and initial con-
ditions are accurately known, the model predicts core teatpee within typically 0.5C and
skin temperature within typically°T.



Dankwoord

Bijna klaar! Na tien jaar studie aan de universiteit sta ikheppunt om een periode van mijn
leven af te sluiten, terwijl een nieuwe periode gaat beginimdt proefschrift is het resultaat
van het werk dat ik de laatste vier jaar heb gedaan en waarbjjzinder trots ben. Ik wil
dan ook graag de mensen bedanken die me de afgelopen vidrefalagn gesteund bij de
verwezenlijking van mijn proefschrift.

Ten eerste wil ik mijn promotoren Anton van Steenhoven endgalslol bedanken dat ze
voor mij de kans en mogelijkheid gecreéerd hebben om dituiggdmgende en afwisselende
multidisciplinaire project aan te gaan. De maandelijksspbekingen met Anton leidden
veelvuldig tot nieuwe ideeén en tot een hogere motivatik i@dijden dat het tegenzat met
het onderzoek kon ik altijd rekenen op zijn steun en een @uwtjle rug om te komen tot een
oplossing. Bas zorgde altijd voor een hoop enthousiasmeemieuwe ideeén. Zonder zijn
hulp waren de experimenten, zoals beschreven in hoofdstukot tot stand gekomen. Voor
mij was de mogelijkheid om als werktuigbouwer in de opefkatieer metingen uit te voeren
bij patiénten, een unieke ervaring.

Uiteraard hebben ook de inhoudelijke discussies en aargingdn van in het bijzonder
Wouter, Gerard en later zeker ook Arjan bijgedragen aan w¢attdkoming van dit proef-
schrift. Wouter’s praktische ervaring, biologische kengm enorme literatuuroverzicht gaven
altijd genoeg stof tot nadenken en maakte hem een enorm gpadéngpartner. Gerard heeft
me in het eerste jaar van mijn promotie een vliegende stae\gm wat betreft het model.
Ook kon ik bij hem terecht met al mijn vragen. In het tweede feeft Arjan de technische
begeleiding overgenomen van Gerard. Zijn deur stond altjt mij open voor zowel in-
houdelijke als niet-inhoudelijke discussies. Zelfs bijmspreking van mijn vragen, waarbij
ik soms gaandeweg zelf niet meer begreep wat de vraag was,Hekvaak om tot nieuwe
inzichten te komen.

Bij de metingen die op maar liefst vier locaties (TU/e, AMQVIlen AZM) hebben plaats-
gevonden ben ik geholpen door velen: de technische stafceetasesses van de divisie TFE



170 Dankwoord

op de TU/e, de technische dienst en operatie teams van de ©OKeta®AMC, het secretariaat
cardio-thoracale chirurgie AMC, Aart Terpstra van het AMEQris, Sander, Loek en Paul
van UM en tot slot dr. Andre van Ooij, Maurice Theunissen ehdperatie team van het
AZM.

Ik kijk met veel plezier terug op het contact met mijn collsgan mede-koffiedrinkers:
Arjan, Gerard, Francis, Frank, Henk, Kiran, llhan, SrinjdRudi en Pieter. De zes laatstge-
noemden inclusief mezelf vormen tevens de 'event’-clubd@rde deskundige leiding van
de aangewezen eventmanager hebben reeds vele leuke diggemtiviteiten plaatsgevon-
den en ik hoop dat er nog vele zullen volgen. Ook op het spertrtak was er altijd genoeg
te doen met de groep aio’s van Energie Technologie: tijdensidchpauzes en op woens-
dagavond waren oorspronkelijk llhan en ik regelmatig tedeimin het zwembad, maar de
zwemclub werd al snel uitgebreid met Kiran, Srinidhi en &ie€n in de lunchpauzes zijn
Henk en Arjan ook regelmatig van de partij geweest.

Ook mijn kamergenoten wil ik bedanken voor de fijne tijd. Desézjaren deelde ik mijn
kamer met Francis. We hebben heel wat afgekletst over detmiéesnlopende onderwer-
pen, veelal onder het genot van een lekker kopje thee. Métpleger denk ik terug aan
onze dagelijkse gesprekken en de bijbehorende lach. Latat Kiran mijn kamergenoot.
Ook hij bracht een hoop vrolijkheid mee en we hebben heelleekk en soms luidruchtige
(sorry, llhan en Rudi...) discussies gevoerd over Indiadévland, taal en onderzoek doen:
Dhanyavaada. Ook Boris, die af en toe onze kamer deeldeje@igjd voor een welkome
afwisseling. Inhoudelijk, maar ook niet-inhoudelijk wapden verfrissende gesprekspartner.
Verder wil ik hem bedanken voor zijn praktische hulp en me&da bij de experimenten,
zoals beschreven in hoofdstuk 5.
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