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11 air loss is a kared sidt'-dfect of chl'ntot ht>rapy t n•at nwnt. it may lw prevented by 

cool ing tlw scal p during auministration of cytost a tics. The supposed tncchanism 

is that hy cool ing the scalp. both temperature a nd ])('rfusion (blood flow) a rC' 

diminislwd. af r0ct ing drug supply and drug efrPct in t hP hair follicle'. Ilowever , 

thl' l'xacl cont ribution o f both LPtllperaturP a nd perfusion to t lw hair prpservat ive 

effp("( o f scal p cooling is unknown. 

1\ int of this study is to dC'vt' lo p a biological and physiological mod pi of scalp 

cooli ng, and to identify the important as pects in scalp cooling. For this . sub 

IIJodPis for lwat tra nsfe r , mcdicim· transport ami cell damage a re being ckvPiopcd. 

To tuJtt' thes<' llJodcls. dC'dicat C'd ex perinl<'nts a re 1w rfornwd o n thC' relationship 

l><'t \\"<'<'n t<' lllpPrat urp and blood flow , a nd o n tlw influe nce of tcmperat ure and 

ciH·mot lwrap.Y concenlrat io n on hair follick dan mg,<'. 

\\.ith the coinplPt<' modPI. it willlw possibl<· to improv<• ClliT<'Ilt day scalp rool inp, 

tn•at Ill('lll. 

1. Introduction 

\Yiwn dlC'mot hcrapy is used as a cancer lrcatmcut . partial or complete 

hair loss does oft en occur. Th i" causes psychological sl ress llJ. awl i l is one of 

the lllos t fcan•cl sic!<• c fl"ccts of ca ucer thnap~· 121. By cooling the scalp during 

chemotherapy treatnwnt this hair loss can be reduced or even prcYcntcd 131. 
There arc two mechanisms that assumcdly <'xplain the hair pn'S<'ITalive 

effect of scalp cooling 111. Th<' first is reduced blood flow to lhc subcuta

neous t iss110 dnring cooling. ,,·hich reduces l he <Ul!Oillll of drugs being de-
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liwred to the hair follicle. The other mechanism is a reduced su bcutaneous 

cell metabolism in response to the hypothermia. makiug hair follicles less 

susceptibl<' to drug damage. 

Howe\'er. the effect of scalp cooling varies strong ly [5[ which can partly 

be attributed to a lack of insig ht in t ht' precise temperature dependence of 

these n1echanisms. Another important aspect is that it is uucertain wlwther 

local varia tions in skin temperature and blood fl ow exist during coo ling. 

I u this st udy. a compu ter model is be ing developed to describe a ll aspects 

of scalp cooling . The model includes diffcreut numerical models to describe 

drug t ra nsport. heat transfer and hair follicle damage and experiments are 

coududed to improYe numerical relations in those models. With the complete 

mock!. it v\·ill lw possible to assess crucial parameters in the dt'sign a nd user 

protocol of scalp cooling. 

2. Experiments on Blood Flow and Temperature 

Ouc of the main points of iuterPs t in this study is the interplay between 

temperatme and perfusion . In literature. t he \vell kuowu Q10 relatio n of ther

ma l physiology is used to model variatious in metabolism (i\1 ) and subsequent 

rcspons<'s in b lood flow (WR) due to changes in temperature [6. 7[: 

(2. J) 

with values for Q10 rangiug from 2.0 to 3.0 [6[. Tl owever. these val ues have 

not been ver ified for cooling oft lw human scalp . Ewn the validity of tbcsc 

functions needs to be assessed. 

Therefore, experiments arC' l><'ing pNformecl to investigate' the relat ion

ship between scalp tcmpcratme and scalp b lood flow. A laser dopplcr probe 

(-l-07. Perimed LI I< Ltd) and a .J-type thermocouple arc placed on the scalp 

ski n (frontal skull. slightly off-C('llter to the right) . A cold cap system (Pax

man Coolers Ltd ' K ) is used \\·ithout prc cooling to cool the ski n with a slow 

rate of approximately O.l 0 C' min. Total time of cooling is about 120 minutes. 

A result of a preliminar.\' CXJWriment on blood How a nd temperature is 

s hown in Figme 1. In th is figure. relative pcrfusion T!'JJ / 11 '13.0 is plotted 

against the temperature difference 6.T - r~k - T~k.O Because oft hc definit ion 

of !Vn_o, the graph necessarily includes 6.T = 0. ll'B/ 11 '13.0 = 1. 
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FIGL' RE 1. Preliminary <'Xperimcnt on t llC' r!'lationship between lempPratmr a nd 

pC'rfusion. fl <'lative perfusion and temperature of the skin arC' shown during cool

ing of thC' ::.kin. The solid lim' denotes a Qw valu<' of 3 . 75 with a threshold of 
:t 5 c. 

Pcrfus ion drops down to 2 % for a temperature drop of l 3°C, wh ich is in 

agreement with findings of Dtilow I.JI . sing Eq. (2.1 ). t his would correspond 

to a Q1o value of 2.65. 

However, it is striking lo see t ha l dming lite first 3 lo "1 degrees of cool

ing. there is no change in pcrfusion. T his would indicate there is a negative 

t hreshold value for changes in blood flow. A fit through the graph yielded 

a thn'shold value of 3.5° C . and a Q 10 value of 3.75. 

As s tated earlier. these resul ts a rc from one preliminary experiment. Fur

ther <'xpcri inents a re needed to establish the re la tion and individua l varia tion 

for t h(' t <' lllJ)('rat ure dependence of pcrfusion . 

3. Heat 'fransfer Model 

A Itttmcrica l model has been made to describe heat transfer in t ht' head 

during cooling I ]. The head and cold cap a rc both approxi mated by spher

ical elt'lllt'llls representing brain. skull . fat. skin , hair a nd cold cap (Fig. 2). 

Ilcat tra nsport in the head is modelled using Pennes' well-known "bio-heat 

t ran:, fer" cqua t ion: 

pc~~ = \! · (k \ T) + ll"a(T4- T) + M 

in which p, c and k arc the tissue density, specific heat and therma l conduc

tivity. respectiYely. T i t he local Lissue tcmperat m e aud TA Lhe temperature 

of llw blood iu t he main a rteries supplying the scalp, here assumed to be 
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Ft(:t HE :2. Schem atic rPprPs<'lllrttioll oft lw lwrtl transfer lnodel and plac<'lll<'l l 

of th<• nodes. D illl<'llsions of I he lno<i<-1 an· shown in millimf'lf'rs. 

coust a ut a nd set to 37 C. Val ue~ of t h('~(' prop er ties used 111 our st md nrd 

head mock! arc shown in Table 1. 

T \ tli.E I . Th<•n noph.vsical t issiH' JHll'illl l<'l<'rs usl'd in t he standmd h<•ad n1od<. 

d lmml k I\\' ( m iO:) I Q I\\' m :sI \\ ·,.0 I kg ( n t 1s)l 
13rain HH.O O.G HHOO 8.0 

Sk ull ;). I 1.0 I :lO 0.1:-i 

Fat :3.0 0 .:2 1:30 0.:2 

Skin :2 .0 tUHI .)()() l .. i 

llair :2 .. ) 0.0:2(i 0 0 

Cold Cap 10.0 (),;) (} 1:20 
-----

11 .11 aud .11 arc t h(• b lood !H'rftts ion ral(' a nd th(' lll(' t aholic h('Ht p ro

duc t ion in the tissue. respect in· I.\'. w hich ar<' both fu n et ions oft <'II I! H'l'd Ill'<' . 

Tc•tnp<'rat m e d ependen t b lood flow is ntockl l<oc l us ing t lw Q1o-thres hold fun c

tiou as found iu t he prc litninnry <'XIw rinwnt : 

. { {Fb,o 
{ I lJ = . ( 1 ll_ll_ I ·, 

\ \ ·h.O · ;J. ( ,) 1o 

if T 2: (1it :~.S ) : 

if T < (1(t - :~.!J ) . 
( :~ . l) 

:\t t IH• int e rface betwccn two d if!'cn•tt t la,Yers. a special uu nt<•rica lt n•t hod 

i ~ u~cd to ensure t h a t bot 11 l<' tll[>('nlt un· and lwat flux a re contitll tOits ;noss 

t h<• in t c r fac(' boundaries. 

Bo undary cond itio ns for the tuodel iuclude conwctiw lt('al transkt (qt) 

and rnd ia t i\'e h<•at transfN (q71) to tlw s u tTo undings: 

(/~· h(T - 7~unh). 

lf~1{ rr(T' - Ta1
mh). 
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In thcst' equation~. h is the heat t ran~kr coefficient approprialt' for free con

vert ion (h = I\\' (m2 J..:) ) and a i~ t ht' Stefau Boltzmaun constant (a = 

5.GG!) x 10 x \Y (m2 I..: 1)). AmbiC'nt tl'lllJ)('rat un' ('f;11111J) is set to 20 C. 
Thl' cold cap has a thickness of 10 mm and uses a thcrnta l coudu('( ivit.\' of 

0.5 v\ · (ml..: ). The coolant in the cap has an estimated nuu;s flow of 0.17 kg s . 

T his value is adjustC'd to a flow of 120 kg, (n t:1s). such that it can be used in 

the Pet till's equa tion. Coola11t t cnqwrat urc is set to - 8°C. 

A panuuclcr study was performed with the heat transfer mock!. Simu

lation of a scalp cooling procedure consisted of two steps. First. the ll'llqw

mture wit hottt H cold cap wa~ cakulat<'d keeping tnctabolism an cl perfusion 

constant. T he resulting tempera! ure profile' was U!:icd <L!:i the rcferenct' tempe

rature profile' (7(1) for ton perat me dependent mctaboli!:itn ( Eq. 2.1 ) and blood 

!low (Eq. :3.1). Then. a cold cap wa~ added to t Ill' modd and t he' steady !:i(ate 

solution \\'as calculat ed. 

The bH!:il' ntodcl !:ihO\Y!:i a minimun1 skin temperature of 18.3°C' and a rc•la

t i vc blood flow of 18/{ . The results of t hl' paramct er st udy wi ll be compared 

to the n'sttlt oft he s tandard tnodcl. Bc!:iults arc shown in Table 2. 

T\BLI·. '2. Change in minimum skiu 1\' nlp('rat un' and relat i\'!' blood flow during 

cooling with a ('Old ('ap as a n •sult of difi'Pr<'nt parameter ,·aluc!'. ::,]' = 'J;,;, 
' / ;,;,,,, ., , d ... d . so a ncgatin· valu<· llll'<llll' a l'old<•r skin than in tll<' standard anal.\·sis. 

Blood flo\\' \ 'Hill(' s an' gi' en in p<'n'<'ntag<'s of blood flow before !'ooling. 131ood flow 

in I IH' si andard mml~·sis was r!'dlll'l'd I o IR'lc . 

prop<'rt.Y sraling fa('lOl x O .. i x '2.0 x O.:i x :l.O 

.:::. r p..: I ::;.T IKI ll 'n l'!c l 11 ./I l'!c I 
drat :u G 2i\ !J.7 

d~ki n (J.:l 0.2 '20 JH 

dha ir H.'2 :l.;) (j I :10 
kra< :I,;; 1.:) 12 2:3 

kh~"Lir :u -'2. 7 '}_!) I ;~ 

From this table. it is clear that t !t ickn<'~s <llld t hcrmal c·ond uC't i\·i ty of hotlt 

t ltl' fat la.\'('1' and t ltl' !tair la~·l' r met he most important paramC'tNs that infltt

l'llce !:ikin temperatnre and JH'rfusiott. C'!tanl!,illp, the hair la~·er thickness from 

l Jtllll to 2 tttttl increa!:ies tempt'rat tm• b_,. :~ .. ) C. w!tilc dtaug,ittg it front I Ill It I 

to 0.5mm decn'H~l'S (C'lllpC'ratml' hy 8.2"C. fn thl' fi rst ca!:ic the perfusion i!:i 

al111ost five tinil'S t!te pcr!'tt!:iiott of tiH' Sl'Cond casC'. 
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For the clinic, this means that a good control of the thermal resistance o f 

the hair layer is essent ial. It ·hould be kept as low as possible to ensure good 

cooling. without exceeding th e limi ts of thermal comfort fo r the pa tient. 

4 . Physiologically B ased P harmacokinetic Model 

T'o relate drug dosage to toxic effects with the aim to evaluate the effect 

of scalp cooling, it is firs t of a ll necessary to predict the exact concentration 

of cytotoxic drugs in t he hair follicle. For this. Physiologically Based Phar

macokinetic (PBPK) models arc useful tools [10[. They divide the body into 

compartments that represent individua l organs and tissue groupings. Physi

ologic and biochemical con:tants arc used to model transport. cleara nce and 

met abolism of drugs >vith a set of differentia l equations for the mass balance 

in each compartment (Fig. 3) . 

... 

... 

" " 
FIGI ' RE 3. Schematic rPprest>ntat ion of a physiologically basrcl Pharm;lcokin<'tic 

mod<'l for DOX . ....... : b lood flow: •: mrlabolic or excretory pathways. 

An eight-compartment flow limited model is used [11[. incorporat ing 

tissue-specific metaboli. m and biliary and urinary elimination. For each com

partment , a generic mass bala nce ecpration is used: 

dAt = W (C , _C.)_ dAe .. H , 
dt B, . I \ I dt 

where A 1 is the arnount of drug in t lw compartment in [moles[. ll 'n, is the 

blood flow through the compartment in [I s [, and CA a nd C1 ·, a rc the arteria l 

a nd venous blood concentrations in [moles llJ:lj. AE.M, denotes the amount of 

drugs tha t are being excreted or meta bolized in the t i .. ue in [moles[, showing 
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either linear kinetics: 

dA ru .. J, }( C T /" 
dt = . !\ lET ' I ; · v; 

or saturable' chemical specific binding kinetics (i.e. 1 Iichaclis 1 Ienten Kine

tics) : 
dAe,M, 

dt 
vl\JAX. Cv, 
K !'v1 + Cv, 

Here . l\.l\!ET is a first order metabolic rate constant [s- 1[. ~ denotes the 

volume of the i1h compartment in jm3 j. Vl\ rAX is t he maximum rate of act ivity 

in [moles s j. and Kl\r denotes a lichaelis' constant in [mole· m3]. 

T he amount of drugs in t he blood compartment is calcula ted using ano

ther mass balance. 

d:tB = L H'a, C1 ~- L !V a, CA 
1 ; 

We use t he cytostatic Doxorubicin (DOX) in our model, since it is commonly 

used. it causes ha ir loss. a nd biochemical a11d biophysical properties of this 

drug a re available [11]. T his drug binds to plasma proteins in the blood. and 

only free drug concentrat ion is available for upta ke in the tissnes. Free DOX 

concentrat ion in the arterial blood is calcul ated as: 

( 4. 1) 

with Vn the volnme of the hloocl compa rtment in jm3 j. and F13 the fraction 

of DOX bound to plasma proteins. typically 0.7. 

Doxorubi cin is also abk to bind to specific macromolecules in tissues (e.g. 

DNA). also s howing Iichadis l\lcnten Kin Lies. To compensate for this, t he 

venous ret urn concentration is calculated as: 

A, To A· Cv, c1 = -- ------'-, v; K oNA +Cl', 

111 which TnNA is the tissue specific D A binding capacity for DOX in 

[moles m:1j. 
Temperat urc dependent blood flow obtained by the heat transfer model 

is used in the PBPK model as input parameter. The model then calculates 

the drug concentrat ion in the ha ir follicle compartment. Finally. a statistical 

model is nceded to bc able to aHS('SS t he a mount of hair damage and to predict 

whether hair loss wi ll occm . 
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5. Experiments on Hair Follicle Damage 

In a study 011 Doxorubicin handling by kidne~- epithelial tisstte. Decorti 

slto\\·s that Doxombicin uptake is temperature dependent [1:3[. At :ri0 C'. drup, 

uptake in the kidney cells in OtH' hour is I times highN than at -1°C'. \\"e 

would like to inv0stigate these effects for dmg uptake in the hair follicle 

using telliJH'nttm<'s that arc relevant for sc-H.Ip cooling. But not o nly drug 

uptake. also hair follicle da1nagc should ])(' aualyzcd. 

To gain more insight into lh<' intporlanc<' o f both reduced drug supply and 

rcduc0d drug actions. in 1'1/m <'XJWrimcnts will he conducted on the iuflu<'IIC<' 

of both tcnqwralmc and drng concentration on drug uptake and hair follicle 

damage. In this stud~'· hair follicle clmnag<' is defined as t he mnoUJJt of a nti 

tumor protein p53 produced in the hair follic-k. This protein is produced 

b,\· hair follid<'S when dcunagcd hy cy totoxic drugs and is ah\·ays pn's<'JJt in 

dH'molhcrap\·-iud uced ha ir loss [12j. 
A preliminary protocol defines -l diffNent regimes to be studied. making 

combiualion s of eil lwr hi g h (32 3-l0 C) or low tcmpcmtmc (20 22°C) and 

low or high drug concentration. These low and high drug <·otH'<'n l rat ions will 

be cktermined by the PBPl\ modC'l with or without cooling, n•sp<·ct in'ly. In 

addition. :2 ('Ont rol groups \\·ill he studied ,,·here drug conn'nt rat ion is zero. 

\\'ith these <'xperintents. \\'('hope to determine the relative importaucc oft h<' 

two ntcdtanisms lo which the pn'Yention of hair loss are Hlt r ibtt l ed. 

6. Results and Outlook 

Tlw ainl of lhi:-. study is to den•lop a biological and ph_\·siological model 

of scalp cooling. in order to identif.Y the illlporlant aspects in scalp cooling. 

For this. tttttn<'rical models for heal transfer. medicine trnnsport and ('('11 

dcunage ar<' being deYrlopcd. lntportant aspect in this stud.\' is the mutual 

relationship between temperature and perfusion. sine<' it is ll<'cded for the 

heat transfer model and to :-.imulatr nwdicitw transport in the human hod.Y. 

In H prelitninary ex]H'riment. we investigatt•d this rclat ionsltip. The results 

show a ll<'ga t iw threshold for r!'lal iYc perfusion (3.!J° C) . and subsequent the 

fitted QJo \'alut' (QJo - :3.7!)) is greater the-m an.\· n1luc cit<•d in literal Ill'<' 

(2 < Qto < ;3). IIowc\'Cl'. neglecting the t hn'shold behavior and u::.ing Eq. 

(2.1 ). t IH' pnfusion reduction corresponds to a Q 10 nllue of '2.6:). Tit is s lto,,·s 

that fmt hcr experiments an' It <'cclecl to in\'<'stigate this threshold behavior 

and to est a hi ish the rC'Iat ion for the t e nqwrat ure clcpcJI(knn' of pcrfusiott. 
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Our h<'al transfn mod<' I shows I hat important paranH'Iers arc I he I her

mal l'<'sislanc·<•s of both tiH' fat and hair layer ]9]. During cooling. the base 

111odcl shows a skin tempnatme of lH ('and a factor 5 denea:.;e• in perfusion. 

C'llall)!,in!!, I l1<• I hi('kncss of the hair la~·er yic•lds skin IC'mpcrat mc•s ranging 

from 2:2 C to 10 C. and p<•rfusion lllct.\' be reduced by a factor;~ to l:i from 

nonnal. Changes in the fat layc'r thidmess, and change•s in ll1cnnal ('Ollduc-

1 ivity of both fat and hair la,vcr show sintilar rc::;ults. This large variation 

in pcrfusion reduction shows that lc'm])('rctl m e should be as low m; possible>, 

.\·et still ('omfortable for the patients. to C'nsnrc that tlw anJOtlnt of drugs 

deliwred I o the hair foil ic ks is as low a.'> possible. 

The h<•at t ransf'c>r llJodcl prm·idcs the necessary perfusion data for a Ph~·

siological I3ased Pharmacokinet i(' ( rnPK) model. Using rclatiw perfusion 

and tctnpcratures of the scalp skin. the total amount of drugs that an• d<'li\'

e•red to the hair follicles can be ('akulated. A statistical model is needed to 

de• I crmi ne the resulting dmnagc i 11 [] ict <'d to I h e• hair follicle. For this. cxper

itiH' IIIs an• to IJe ('OndU('(<'d. 

The fact that DOX uptake· in kid ne,v cells decreases with JowC'r I em pC'l'

al mc•s ] J:3]. i ndepeuclent of perfusion. pose's an in t c rest i ug si a rl i11g poi 11 t for 

further examination. In I he near f11t ILH\ hair follicle experiments arc to be 

<·oud 11('1 ed. I o i mTsl igal <' the in fl11ence of drug uptake' and hair fo]Ji(' k dcu11age 

at reknmt temperatures. Also. I h<· influence of extracellular concC'nl rat ions 

will IH' si uclied . 

. \ftcr <'X[WrinH·ntal c:-.lablisluncnt of son1e' of the primitive relations that 

ar<' pr~rt of I h<' c·haiu of c\·cnt s [H'e\'CIII iug hair loss. thC' combinal ion of sub 

lnockls will result in a <'Olllplel<' llHHlc•l that can help in optimizing scalp 

('Ooling for hair loss prcwntion. 
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