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During cardiac s urgery lhC' body is cooled by means o f the lwarl lung machine 
in order to protect vita l organs likP heart and brain. Afterwards the body is 
n•warrned fo ll owed by ciC'co upling of the hea rt lung machint?. llowever, cli1 C to un

natural dist ribution of bod.v heal (rdatively cold periphery) often a n undesirable 

drop o f core tt'lli!WraturC' occurs. This 'afterd rop' adversely a n·ects r covery. 
This art icle details about t he development of a ma the mat ical model to under

stand thr hrat l ransfrr procrsses in the body during s urgery. Wi t h the numerical 

model we can mimic the tC'ln pC'raturc d ist rib ution in a huma n body during and 
<l ft C'r cardiac s urgery. l\ Ieasurement da ta is being collected tha t can be used as 

input data in t hr model a nd fo r validation of the modrl. In t his way we get more 

insight into t he occurrence a nd prevention of a fterd rop. 

1. Introduction 

For over four decades. whole body hypotherm ia has been widely used to 

reduce metabolic dema nd and protect vital organs during open heart surgery. 

During cardiac surgery with cardiopu lmonary bypa..c:;s the ma jority of car-
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diac surgical intervent ions- cooling is perf'ormed by means of the heart lung 

machine (HLJ\ I). The procedure consists of six distinct phases as detailed 

below and shown in Fig. l. 
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FIC lJ B.E 1. Core a nd periphera l temperatures dming and a fter d ('ep card iopul

monary bypass. Adaptcd from F! aj ek j9j. 

1. The patient is anaesthetized. Due to anaesthetics the pat ient's meta

bolic rate is lowered and the threshold for vasoconstriction shifLs Lo 
lower core temperatures. F\nthermore the anaesthetics often contain 

vasodila lators. T his leads to a lowering of the core temperat m e of ap

proximately 2°C (not shown in Fig. l ) 16] . 

2. The fir t stage of the actual surgery: the thorax is opened . 

3. The body is connected to a IIL l\I whereby t he blood is circulated 

through the machine. Dlood from t he HLl\I enters the body th rough 

a tube inse rted in the aorta. The oxygena tor of the HL 1 contains 

a ·imple heat-exchanger in vvhicb the heat exchanging fluid is water. In 

this stage lhe pat ient is cooled furt her by adjusting the temperatm e in 

the heat exchanger. 

4. The main cardiac surgical procedure Lakes place during which t he 

body is kept at a con taut low tempcratm e. The tc111pcraLure dur
ing surgery depends on the surgical intcrvcnlion e.g. for ao rta ,·alve 

replacements and coronary artery bypass grafts 30°C is a common tem

perat ure, whilst duri ng surgery on t he aort ic a rch the' patient is cooled 

to 16 l "°C. 
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5. On nearing completion of the surgical procedure the body is warmed at 

a steadv rate by adjust ing the water tentperature of the heat exchanger . 

Rewarmiug must not take place too rapidly in order to prevent cell 

damage. Core body parts (thorax and braiu) react faster ou rewarming 

than peripheral parts (arms and legs) . 

6. Once the corC' organs have reached the target temperature the patient 

is disconnected fro111 the HLi\I and the temperature of the body is 

a llowed to self equilibrate. This often results in a phenomenon known 

as afterdrop: a decrease in t he temperature of the core organ . T he 

afterdrop eH.ect is considered to be a re ·ult of the la rge temperature 

difference between the core and peripheral regions at the moment of 

decoupling IJ Ll. 

Patients who experience a large afterdrop need longer to recover and may 

experience more post-operative complications [81 than pat ients who are not 

hypothermic after surgerY. Clinicians try to prevent or at least minimize the 

afterdrop effect as much as possible. Ofteu forced-air heatiug blankets that 

a rc draped over the pa lients legs arc used in the rewarming phase. In this 

way t he temperature gradient between the core and the periphery deet·eases. 

For the prevention of the afterdrop effect more knowledge about heaJ 

t ransfer in the anaesthetized human body cluriug cardi ac surgery is needed. 

We a re building a numerical thermal model of the patient that can be used 

by a clinician to d<"tcrmiiH' the optimal warming protocol in order to avoid 

a ft erd rop. 

2. Whole Body Model 

2.1. General Model 

The compu tational rnoclclt hat is bei ng developed is based on descriptions 

of Fiala 12. 31 who developed a thermal model for predicting human thermal 

and regulatory responses. We extended the model in such a way that it is 

also appl icable to cardiac surgery. 

The numerical model approximates the geometry of the human body wit h 
a sphere (head ) and cylindrical elements, sec Fig. 2. Each clement consist::; of 

different tissue layers (bone. muscle. fat, skin ). The t issue layers consist of 

one or more nodes. The tcm per at ure at the t issue nodes arc cakulatcd by 
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F 1Cl' HE 2. 'chemat ic drawing of t he human body model. O n t he r ight side 
a detail picture is given of t he tissue layers in t h<:> leg. 

solving the Pennes bioheat 171 equa tion for each time step : 

DT 
pcat 

storage 

\7 k · \lT + fJbC& LL'b(Ta - T ) + qm 

conduction +convection + heat production 

(2. ] ) 

wi th p tissue density. c spt'cific heat. Ye, local arterial blood tc11Jpera turc, 

T t issue temperature , t time, k thermal conducti vity, w volumetric b lood 

perfusiou rate lm~~~~~od 1. C/rn meta bolic heal product ion and subscript b de

noting blood propert ies. The part ia l deriva tiV('s with respect to radius were 

a pprox in1a.lcd by using a cent ral difference method . On the iutNfacc bC't wcc•n 

two adjoining tissue layers. boundar~· conditi ons arc used that impose conti

nuity of temperat ure and heat flux across the iuterface. 

T he arterial blood temperature in the human model is ca lculated by as

sum ing tha t the ret urn ing venous blood is mixed in a virt ua l mix ing vessel. 

T he temperature of the mixed veuous blood is t he new art erial tempera t urc. 

For some elements counter cmrent heat exchange (CCX) bet\\'een arteries 

and veins takes p lace . Local temperature Ta is in that case the arterial tem

peratu re a ft er CCX . 

The heart lung machine is implemented in the model in such a way tha t 

the temperature of t he arterial blood that enters the body can be prescribed. 

This temperature is used instead of tbc mixing vessel temperature of l he 

venous blood . 
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Autonomous thermoregu lat ion by the body occurs in four ways: vasodi

latation , vasoconstriction, shi vering and sweating. Thermoregu lation is de

scribed in the model b,v implementing control equations based on regression 

analysis of Fiala [3[. Fiala derived equations that give a descrip tion how the 

human body adapts to changes in t he environment so as to maintain its nor

mal temperature. These thermoregulatory re ponscs a rc determined by the 

deviation of core lemperal ure and average skin temperature from their neu

tral values: L'1Ti = Ti-Ti.ncutral· The control equation for e.g . vasoconstriction 

(Cs [-]) reads: 

where Tsk.m is the mean skin temperature. Cs has a minimum value of 0. 

A similar type of equa tion can be used to describe vasodilatation (DJ [W K]). 
Because of the hypothermic situation in cardiac surgery vasodilatation will 

not occur (DJ = 0). Vasodilatat ion and vasoconstriction affect the volumetric 

perfusion of the inner skin layer , but not the blood flow in the other tissue 

types. Defining f3i PbCbWb the expression for tissue blood flow is of the 

following form: 
T - T 0 

f3i = J X 2 \oo~' (2.2) 

with 

for inner skin layer 

(2.3) 

f = 1 for other tissue 

in which rtdt,i and CLcs .i arc the distribution factor of vasodilatat ion a nd 

vasoconstriction respect ively and v; is the volume [m:3[ of segment i. Equa

tion (2.2) is based on the Q10-cril crium as first meutioncd b,v Stolwijk [12[: 

a 10 °C temperature decrease will halve the blood flow. 

For shivering (Sh [WI) a simi lar type of cont rol equation as for vasocon

striction has been developed. Shivering leads to extra metabolism in muscle 

tissue accord ing to: 

(2.4) 

which must be included in Qm in Eq. (2. 1). In Eq. (2.4) CL.:~Jt , i is the distribution 

factor for shi vering. The shivering ind uced perfusion in muscle tissue is given 

by [5[: 

Pi ,Sh = 0.932qi,Sh · (2.5) 
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The coefficient 0.932 in Eq. (2.5) is est ima ted on the basis of t he a moun t of 

oxygen that blood needs to supply for extra work in nmscle tissue [lj. 

2.2. Adaptation for Anesthesia 

Additionally adaptations arc made that modify t he thermoregulation 

equat ions for a situation where the patieut is anaesthetized . Sesslcr jlOJ 

. howed tha t thermoregul atory t hrcsbolcls in anaesthetized Sll bjects d i ff"cr 

from uuaesthetized subjects. Duriug general auacsthesia t he thresholds for 

vasoconstriction a nd nonshi vcring thcnnogcucsis change from ~ JG. 7°C to 

~ 34.5°C . Similarly. Lhc thresholds fo r act ive vasodilatat io n and svvcal ing 

increase ~ 1 °C. Shivcriug rarely occurs during aucsthesia and eveu if it is 

t riggered it is most Lime proh ibited by muscle relELxcw ts . 

Van Leeuwen j5j implemented anesthesia parameters t hat take in to ac

count the lowering of the vasoconstrictiou aud shivcriug thresholds. Tcw

perat u re shi ft parameters arc introduced to clcscri be t he threshold cha nge 

for thermoregulatory responses d uring a naesthesia e.g.: 6.Tcs,ca = 6.Tc5 ca. 
where ea is a measure for the level of anaesthe ia and 6.Tcs.ca is t he shift in 

vasocoustriction threshold a t the specific a naesthesia level. T he para meters 

6.Tcs and 6.Tsh are fixed input parameters. The values t hat are used for these 

parameters in t he preliminary simulation given in paragraph 2.3 arc - 4°C 

and -5°C respect ively. 

Some phases duriug surgery may exist iu which the effects of anaest hetics 

wear off. This is taken into account by adjust ing the magnitude of ea where 

t he normalized value of ea is between 0 and 1. T he washout of t he anaest hetic 

parameter ea is modelled aH fo llows: 

de a 

dt 
cain- ca(t) ca(t) 

(2.6) 

in whi ch cain is tile supply of anaesthetics, all([ T t and T2 t ime constants 

clcscri bing the average d iffusion a nd dcca.v. 

T he cont rol equation for vasoconstriction under anc ·t hesia has become: 

C. = 35[tanh (0.3(6.Tslun- 6.Tcs.ca) + l)- J ](6.T,k.m - 6.Tc.ua) 

In pract ice administra tion of a naest het ics is accompa ni ed by a loss of Yascul ar 

tone and an increa, e in periphera l blood Aow. T his is modelled by adding 
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the negat ive term ea x Av in the cont rol equation for vasoconstriction. The 

vasotone paramatcr A u was set to 80 151. 
During cardiac surgery muscle relaxants arc administered to the patient 

that prohibi t shivering. Towards t he end of t he intervention the administered 

dose muscle rclaxanls can decline. The control equation for shivering then 
reads: 

Sh = 10[tanh (0.5(.0.T9 k,m - .0.Tsh,ca) + 3.6)- l ]( .0.Tsk,m- .0.Tsh,ca) 

. dTsk,m 
- 28(.0.Thy- .0.Tsh.ca) + l.7(.0.Tsk,m- .0.Tsh,ca)~ - 30 (2.7) 

where Thy the hypothalamus core temperature. Furt hermore administration 

of auacsthctics lowers the metabolic rate. This effect was modelled by ad

justing the heat production term in (2 .1 ) in the following way: 

Qrn = Qm(l -ea X Qca) + QSh 

where Qca is set to 0.15 wm- 3 for the standard anatomy. 

2.3. Example: Cardiac Surgery 

vVith the current model we simula ted a complete cardiac surgical proce

dure with characteristics as in Table 1. In the simulat ion shiveri ng is impaired 

dming the first two pbases. Dming the second last and last phase (t = 160 

270 min .) we assume that shivering is re-establishing accord ing to (2 .6) and 

(2. 7). Also vasomotion is returning to a normal level. 

T A Al. F.: l. Characteristics or simulation of the surgica l procedure. 

T ime [min] Simulation 

0 70 Supply a naesthetics: ea = l , T= = l 0 ',shi vering proh ibited 
70 160 Cool ing patient till 30° C, ea= l, shivering prohibited 

160 210 Rewarming till 37°C, using heating blanket, ea= 0 
210 Decoupling from heart lung machine. using heating blanket, ea= 0 

Jn Fig. 3 preliminary re ults of core and peripheral temperatures are 

shown cl uring cardiac surgery. This result shows the main temperature char

acteristics as also observed in Fig. 1, such as the slower reaction of the pe

riphery compared to the core to Lhe arterial blood temperature changes pre

scribed by the HLI\I and the characteristic afterclrop after decoupling the 



http://rcin.org.pl

N .l\1. \'\· . SEVERENS ET AL. 

40.-----~----~--

38 

_36 
() 

~ 

I!' 
~ 34 

:!i 
E 
!!! 

32 

30 

50 100 150 200 
11me(m1n] 

1- Tcore 
T 
I~ J 

• 

250 300 

FIGl"IU:: :3. Core a nd perip hera l temprrat ur<> s imulat ions of a card iac surgcr.Y. 

The solid line gives t he core {brain ) temperalun• a nd Lhc dash<•d line gives Lhe 
temperature of t he periphery vzz. muscle layN in t he leg. 

HL I. Uncert a int ies in the llloclel ex ist <t bout tbe moment shi veri ng actua lly 

s tarts and t he chosen value's in the vasomot ion relat ions duriug surgery. Clin

ical cl a t a is now being collected to va lida te and refine t he conl rol cq ua l ions 

vasodila ta t ion . vasoconstriction a nd shivering of pat ients that undergo open 

heart surgery. 

3. Ex perimental Me thods 

Wit h approval from the Icdical E thical Couun itlcc of t lw Academ ic 

l\ Icd ical Centcr of Amsterd a m we a re study ing 1 G pa l ients unclergoi ng aort a 

valve replacement . T he aim of t he study is to fi nd a relat ion ])(' twecu dif

ferent cooling rcwarming proccd urcs a nd the corc-peri ph cry grad ient with 

corresponding cha nges in pcrfusion. The study resul ts wi ll be usf'd to d educt 

re la l ions of thermoregula tion cha nges in pcrfusion by vasomotion of car

diac pa ticuts during ancsthcsia t ha t can be used in the nun1rrical llloclc l. 

3.1. P rotocol 

\Ve enrol! only pa t ients aged GO 0 years. Pat ients arc cooled duri ug car

d iopu lmonary bypass to a minimum na.'iopharyngcal tempera ture of 30°C . 

T hey arc rewarmcd ou complet ion of surgery to a nasopha ry ngeal t r m pcra-
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lure of 37 37.5°C and a rectal temperat ure of minimally 36.3°C. The ingo

ing bloocl tempcratur0 is maximum "1°C warmer thau the temperature tha t 
leaves the patient's body. The How ra te of the heart lung machine is set to 

approximately 2.4 L min per m2 body surface. 

A schematic overview of the experimental setup at the operating theater 

is depicted in Fig . ..J. The same set up is used at the intensive care uni t, wi Lh 

t he except ion of the hc>art lung machine. Eight patients will be covered with 

forc0d-air warming hlankets during the rewarming phase and the other eight 

patients are rewan necl without using heating blankets. After disconnecting 
t he HL I. pa tients are transferred to the intensive care uni t where they are 

covered by standard draping. 

I I 
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FIGL' RE l. Setup in operating theater. The patient is con n<'cted to a heart lung 

111achi nc that consists of: a r0servoir. an oxygenator wit h heat exchanger and 

a pump. A ll11. 0d mea. urcment t<>chniques are shown at the measurement position: 

wireless thermistors (iButtons) depicted hy o, needl E> thermocouple in the upper 

thigh , Las<' r DoppiC'r Flownwt ry on the big toe. Duplex measuremen ts in the 

femoral artNy. 
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3.2. Methods 

Before surgery t he patients's body characteristics arc measured: length, 

weight, length of the th igh aud lower leg. circumference of the mid-upper 

thigh, mid-lower thigh, mid-upper calf and mid-lower calf. 

Data is collected during surgery and the first six hours at the intensive 

care unit. Blood pressure and hear t raLc arc recorded every minu te. Core tem

peratures arc measured from the nasopharynx. Temperatures in the rect um 

and in the pulmonary artery a re meas ured once per minute. Leg t issue tem

perature is determined using needle t hermocouples (Physitemp Instruments 

Inc.) with three sensors at -. 1 - . and 3 -mm. The needles arc inserted per

pendicular to the skin smface slightly lateral from the anterior midupper 

right thigh. Ican skin temperature according to t he seven-point system of 

Hardy Dubois [4[ is determined by performing measurements with wireless 

thcrm istors (iButton) a t the fo rehead , lower a rm. finger tip. foot dorsum, 

lower leg, upper leg and abdomen. In order to measure t hermoregulatory 

changes skin perfusion is measured by Laser Doppler Flowmctry (Pcrimccl ) 

on the right big toe. The many arteriovenous shunts under t he toe show very 

stroug responses to temperature. The calf-minus-toe skin-surface gradient 

is also used as an ind icator for vasoconstriction and vasodilat ion [6]. Bloocl 

supply Lo Lhc leg is measured by Duplex-measurements in the right femoral 

artery. Dianwt0r and cent erlinc vcloci ty in l he artery arc measured at four 

defined points in t ime. 

4. Outlook 

t-..Icasurcmeuts have started in the surgery room and intensive care unit. 

The result ing data will be used for further development of t he model. Fur

thermore the heat loss from t he opened thorax during cardiac surgery will 

be studied what must eventually lead to adjustment of the thorax cylinder 
in the whole body model. 
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