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PROGR.E$S___R_EPORT: Duringthe pa_tsevera/years,w_ have made considerable

progress in modelling carcinogenesis in genera, a_d i,umode.iHng radiation carcinogenesis, in

particular. Thi_ work hu led to the publication of numerous papers, which azo listed iu the

biosketches of the investigators attached ro this application. R2Lther than diacumsing each of

these pubU_tions briefly,we present an overviewof our progress m developing stochastic

carcinogenesis models and apply_ug them ro experimental and epidemiologic data sets.

Tradition_y, cancer models have been used for the a.u_lysis of inddence (or prevalence)

data in epidemiology _nd timeto tumor data i_ experimental atudies. The relevant quantities

for the a_Llyses of these data are the hazard function a_d the probability of tumor. The

derivation of these quantitiea is briefly describ_ here. More recently, we began to uae these

models for the anal, sis of data on intermediate leJions on the p,,thw&y to cancer. Such d,LtL

are _vailable in experimental c.arcinogenesis studies, in pa_-ticul_ in initiation and promotion

studies on the mouse skin and the rat liver. Typically, such data t_e the form of information

on _he number and size distribution of intermediate lesions as functions of the dose of rho

chemical agents applied _nd t_me on study. Because such information is not available tor

radon-induced lung tumors, the relevan_ marhem_tica2 development is not described here.

If, however, quantitative information on intermediate lesion_ oa the pa_hw,_y to lung c_ncer

were to become available _t some future d_te, the me_hods that we have developed for the

ans]ysis of inltiation-promotion experiments could e_ily be applied to the a.u_ly_i_ of these

lesions.The m_thematica2derivationsherearecouchedintermsof • particulartwo.mutation

model ofcarcinogenesis.E_ension _omodelspostulatingmore thantwo mutationsi_not

alwaymstraightforward.

TI'IE.TWO-MUTATION MODEE '.The versionofthetwo-mutationmodel di_.

cussedhereha_beenwidelyusedforthea=_lymi_ofdat_.Similarmodel,,wereconsideredby

Neyman and Scott(I{}67)_md Kend_ll(1960),A det_lecld_cdp_ionofthe model canbe

foundina recentp_perby Moolgavl_r_md Luebeck(1990),whichi_partoftheappendix.

The developmentherefollowsthedevelopmentintheftp_perand use_the sa_znenotation.

The fundamentalbiologic_lassumptionsare:(I)In anytissuethereisa poolofcellssus-

ceptibletornali_nanttransformation.Thispoolisgenera21yidentifiedwiththesterncell

poolinthetissueofinterestand may changeinsizedurlnglife;(2)malignanttumorsare

. c!on_, i.e., they arise from. a single progenitor cell that h_ become malignantly transformed;

ii:
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(3) maligna.ut transforn_tion of a susceptible cell is the result of two specific, rate-limitlng,

hereditary (at the level of the cell) _d irrever, ible event,. For a discussion of the biological

interpretation of the two events, see the above referenced paper by Moolgavk_r and Lue-

beck (19_0), and the paper by Moolgavk_r _d Knudson (1981). The model also provides

n_tu.rM framework for interpretation of initiation and promotion, as is discussed in the two

papers referenced above (see figure I).

The following assumptions ere used in the matherruLtical development. Let X(_) represent

the number of normal susceptible cells in the tisaue of interelt _ time (age) 8, and suppose

that intermed.i_te celh, i.e., ce11_that k_ve suJ_in_ _he first r_te.limiting event on the

pathway tom_gn_cy, arise _rom normal cells es a non-homogeneous Poisson procesl with

intensity u(s)X(a), where g(j) i_ the first event rate. Note that, _lthough _ and X _re no_;

separately identifiable, we prefer to model the _wo sepa.rately becLuse information on one

or the o_her may be available from independent _ources. In time _nterval (s,_ + &_), _n

intermediate cell dividea into ,two intermediate cells with probability _(s)Aa + o(As); it die_

or differentiates with prob_bility _(s)A(s) + o(As) (no_e thatdeath _nd differentiation are

equivaleut event_ for carcinogenesis because both events remove _he cell from the pool of

susceptible cell_); it divides into one intermediate cell _ad one cell that has sustained the

second even_ (malignam cell) wi_h probability _(_)As + o(As); the probability of more th_n

one event is o(_). In m_ny applications, the paz_neter_ _e a_umed to be constant or

piecewiseconstant,Inparticular_hisimI_lies:hatrbewaitin_time_tocelldivision_d cell

de_thsreassumedtobe exponentiaJ.

Some comments on thesem_thernaticalasmumptionsazeinorder.The cellkineticsof

intermediatecellsaremodelledinprimitivef_hion.There_reensiretomes on them&the-

m_ticalmodellin_ofthecellcycle_nclitisclearthatcellmdo notdivideordiewithexpo-

nen_i_w_,itln_time_(mea,e._.,J_gers,1983).Nevertheless,inthecont_'to_ca_clno_ene_is

moclel]Jngthese_impliflc&tionsappeartobe entirelyappropriate_ s _irstappraximstion.

However,more realisticcellcyclemodelsneedtobeinvemtigated.Once a malignLnzcellis

generatedi'cisassumedtogiver_setoa detectabletumor aftez& suitablela_time.Th_s

assumptionisclearlyfalseand ther_isclearlya timetodetection_. Further,ma-

l.ignsntcellsundoubtedlyexecutea birth-deathprocessand asa consequencebecomeextinct

withnon-zeroprobability.Incorporationofsuchconsiderationsintothemodel wouldhol}e-

i:



°o| Q

initiation conversion progression i_

G ©
promotion

Figurei:Pictoria.lrepresentationofthetwo.mutationmodel.In thep_rl_nceofch_mic_d
carcinogenesis,the firstrate.limitingeventcan be identifiedwith initiation,thesecond

rate-limit:ingeventwith maJignan_conversion,and the cio_._expa.nsionof intermediale
cellswithpromotion. Thu_, a.promoterincra_Lsesthe net proliferationrLte,cr- _, of

iuitiatedcalls,_itherby increasinga,thecelldivisionr_te,or decreeingB, thecellde_th

(ordi_erentiation),ate,orboth.Increuedcelldivisioura_esand decreasedcelld_th r_tes

havebothbeen implicatedinpromotion(Sch_te-Herm_tnnetal,1989).After:n_ign_nt

l;ransformation,relativelyr_pidch&n_s le_dtotumor progression.These _renotexplicitly
modelled.



P,I, $ure_h Moolgavkar 3

leasly overparamatrize it; however, if information on the growth kinetics of malign_.nt cells is

available from independent sources, the modal could quite easily be ex_ended to incorporate

it, We have begun the mathematical development necessary for this (Dewanji, Moo_avk_r

and Luebeck,1991),

THE tt.4ZARD FUNCTIO'V (Moo_avkara.cdLuebeck, 1990):

LeZY(t), Z(t), represent the number of inzermediate and maligna.uz cells, respectively, at

time t and let

_(_,_,,_)=_ ,5,_(t)_

be the probability generating function with

P_,_(t)= P_o_[y(_)=j, z(_)= kIr(0)= 0,z(0)= 0]

Then (Y(t), Z(t)) is Markavian, and _ sa_.isfi_ the Kolmogorov forward differential equa-

tion

q_'(_,z;t) = &
0_

+ {_(t)_+_(_)_+_(t)-[_(_)-_(_)+_(_)]_}_-] (i)
with initial condition _(y,z;0) = 1 (Mool_avkar, D_anji a_d Venzon, 1988). _(1,0;t) is

the survival func'_ion for this model, and the hazard (inddence) function is given by

h(_)- -_'(_,0;_)/_(_,0__) (_)

lt follows immediately from _he Kolmogorov equation that

_'(_,o__)= -_(_)_(_, o__)
and thus

h(t) = _(t)E[Y(t) I Z(t) = O] (3)

where E deno_u _he expectation a_d we have used the relationship

Ifthe probabilityoftumor issmallenoughthenE.5'(t)]_ ElY(t) I Z(_) --OIand

h(t) _ I_(t)E[Y(_.)]. The differentia/equ_:ion, derived from zhe KolmoKorov equation, for

E[Y(t)] can be readily solved to yi_d

h(t)

°.



P.L5ur¢shMoolgavkar 4

, Thisistheapproximatesolutionthathasbeenusedfortheanalysisofepiderr/ologicdata.

ltisreasonablyaccurazewhen tumorsarerareasinepidemiologicdata.However,ourrec_nt

experienceisthatltcanle_dto.,r/slead/ngresultsevenforepldem/ologicdata.Thus,the

exactsolutionmust be usedwheneverpossible,and thisisquitea birmore compUca_ed.

.'Notethattheapproximatesolutionisoftheproportionalhazardsformifonlythesecond

mutation rate isa function of zhe covariatesof inl;erest.

Two approachescan be usedto ob_/n theexactsolutiontothezwo-mutationmodel.

The firstapproachinvolvessolvingthechazaczeris%icequations(seee.g.,John,1971:pp.

6-15) associated with the Kolmogorov equation. The second approach is somewhat more

general,and isnot desaibedhere,but can be foundinMoolgavkarand Luebeck(1990).

Specilq.cally,the charmc_eristicequat_ona are

dz

d'-'_"= 0 (z isconstaa_Mong charac'_eristics)

dt d v_-- = l,
du au

Now, theordinarydifferentialequationfor_ may be solvedalongchazac_erlsticstoyield

#g(y(t).z.t) = k_oe×p [y(u.¢)- l].(_)X(u)du (5)

when _ = _i(y(O),z, O) - 1 is _he i_.i_.imlvalue of _. We are interested in computing

t_(1, O;t) for any t, and thus we need to find ;he values of _ along the characteristic _hrough

(y(O), 0,0) where y(O) is _he initial value of _/ and y(t) = !..Now, along the daaracta.,-istic,

Y satisfies the diff_ential equation dy/du = -R(y,u) and this is just a Riccati equation

which can be readily integrated in closed form if the parEneters of the mode/are pieeewise

constant(seee,g.,Inca,1956,p,311).To beprecise,_heRiccatiequationfory canbe solved

toyielda valuefory(u)foran)'u, wi_hinltla/conditiony(t)= I.Notethaty dependson

u and t,

Thu_, _he _urvival function

f
wheretheexplicitdependenceofy or.u _.ndtis _cknowledged.The hazardfunction_henis

givenby

/i= = - (T)
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where _, denot_ the darivative of _ with respect to t.

Supposenow that0 = _o< 11< '.'< t_= _,and supposethatthepac'creepersa,ft,and

/3,are piece'wqse¢ol_.stant,i,e.,on (_i-l,_) the parameters are c_/,tilan4 #;. Suppose further

thatA_and B;arethetworootsofthepol_mom._ial¢_z2- la;+ fit+/_;!z+ _q,..ltcanbeeasily

shown that0 < Ai < I < Bi.A closedformexpressionfory(u,4)canbeobtainedbysolving

theRiccatiequationforI/successivelyon eachsubintervalstartingwith(t;,_1,4)withinitial

condition_(_,tk)= i.The initialconchfionon theinterval(_.___,la_1)isthenthesolution

obtainedon theinterval(ta-_,t_)evaluateda_t_-1,i.e.,_(t__1,t).Thus thesolution_,(u,t)

cam ba inductively built up. Explidtly, for u ¢(li-l,ti), _/(u,t) can be defined inductive/}, by

t)= B{- Ai
! - -

with!/(ta,i)= i.Thisisa generalizationoftheresultinMoolgav"karand Venzon(1979).

The derivative_(u,t)i_now straighdomva.vd,albeitcumbersome,tocomputeusingthe

chainrulerepeatedly.The equationsfor¢/(i,0',_)and h(_) canbe numericallyintegrated

using the values of _/(u, _) and ?/,(u, _) computed above. If u(u) is piecewise constant too and

if,asisoftenthecase,X(u) istakentobe constant,then,inprindple,theseequationscan

be integrated in closed form, However, a numerical procedure is simpler.

Sometimes, the ume-scale of interest is no_ the age of the animal, or time since _tart of

treatment,butthe ageofindividuiintermediateclonm.Then,(Y(1),Z(t))isnot Marko-

vian,and the KoLmogorovdifferentialequationdoesnot e_st.The secondapproach,de-

scribedinMoolgavkarand Luebeck(1990),must thenbe used.

Applications zo the analysis of data: The hazard function d_rived from the two-

muta_ioz mod_l has been used for the analysis of both axperimental and epldemiologic

data (for a review see Moolgavkar and Luebeak, 1990). When the approximate solution

(expresslon 4) is used, the hazard function is of the proportional hazards form if only the

second mutation rate is a function of the covariates of interest, We believe now that the

exact solutionshouldalwaysbe used,and we brieflyd_scribetheana/ysea of two data _ets,

oneexperimentaltheotherepiderniologic,ofparlficularrelevancetothisgrantapplicadon.

l_adonand lun_canae_inrats:The dataincludedinthisanalysiswerefromratexper-

imentsconductedunderc_efullycontrolledcondkionsby Dr. FredCrossattheBat_elle

l

-i
<

,,, m| , ,
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• Paci_¢ Northwest Laboratorie_ at Pdchlant. The experiments were conduced under radon-

daughter exposure conclkions that resukecl in • dose at the cellular level of approximately

5 mGy per working level month (WLM) of exposure, When an/mMs were found dead or

were sacrii%ced, the lungs (and selectei other organs) were removed and _.xed in 10 per

cent neutral buffered formalin for subsequent hiszopathologic examination. Data from 1797

animals exposed to radon daughters over the approximate range 320 to 10,_240WLM (1.!

to 36 J hrn'") were include/in the analysis, The following information was availEole oa

eacha.nimaJinthedata,etrtheexactagewhen exposuretora.ionwas begun,the radon.

daughterexposurerateinWLM/week (WLM/w), theageatwhichexposurewas stopped,

ageatdeathor_acrit_ce,and presenceorabsenceofmalignantlungtumor.Allanimalswere

followed until sacrifice or death,

The objectivesoftheanalysiswere I_oestimatethemutationratesand intermediat, e ce]]

proliferation parametm's as functions of the exposure rates of radon. This was achieved By

maximizingtheHkelihoodofthedata.L_ P(t)be theprobabilityoftumor by age t for

some particular exposure-rate regimen, Then, the survivor function S(_) = 1 - P(_) and _he

hazardfunctionh(_)= -S'(+.)/S(Y;).The expressionsforthesequantitiesderived from the

two-mutation model are discussed above. In the opinion of the pa:hologist_ the lung tumors

were incidental, i,e., they did not cause death of the animal, Thus, the likelihood of the

datawas constructedasfollows.Becausethetumorswereincidental,thecontributionto

the likelihood by am anL'nal that died (or was sacrk_.ced) at age t is P(f) if it had a tumor.

or S(_)ff it was free of tumor. The full likelihood is the product of these terms over all the

anirnMs. The ox, ct expressions and other details can be found in the relevant publication

(Mool_avkar et M, 1990), which is part of the appendix to _his application. The likelihood

was maximized using _ so,ware program tha_ employs three subroutine8 sequentially, The

first suroutine is a Monte Carlo search, which helps to guard against local maxima. This is

followed 5y a simplex algorithm _nd finally by a gr.client zlgorithm.

Based on a comparison of observed and expected numbers of tumors in various exposure

rate categories, we concluded that themodel described the da_a we_. The analysis indicated

that radon increases the first mutation rate _nd the net proliferation of intermediate calls, But

has lit.tie effect oa the second mutation r_e,suggestingthat the nature of the two mutauonal

events is different. The ana/ysis also confirmed an inverse exposure-rate affect. Further, the
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' inverse exposure-rate el[ect could be attributed to the effect oi radon on intermediate cell

kin6tics, i,e,, on the promotional ef_ec_ of radon. Why should _his be so? Because with agents

that increase the net proliferation race of intermediate cells, duration of exposure is mo:e

important than exposure rate in dtermining risk. This is a mathematical consequence of the

model. Why should exposure to radon increase the net proliferation rate of intermediate

cells? One possible explanation i_ that radon causes a subtle shift _w_y from differentiation.

Thus, it has been suggested that, in e_ithelia] tissue that is turning over, stem cells undergo

asymmetric division, i.e., one of the daughter cells remains a stem cell, whereas the other

daughtez is committed to diRerentiA.tion. Radon could ac_ as a promoter if it caused a shift

aw_y from asyn'm_etric division towards symmetric division, i.e., stem cell division in which

both daughters are stem cells. This hypothesis, generated by analysis of these data, should

be testable in the laboratory.

Reanalysis of the Colorado Plateau uranium miners' data: Much o._ our knowledge re-

garding the interaction of radon and tobacco smoke in the etiology of human lung cancer

derives from studies of uranium miners. We recently undertook a reanalysls of the lung

cancer mortality in the Colorado Plateau uranium miners' cohort within the framework of

the two-mutation model described here. The analysis takes explicit account of the patterns

of ex.'posure to bo*_hradon and cigarette smoke experienced by individuals in the _hort. A

simultaneous reanalysis of the British doc:or_' cohort indicated that those model parameters

relating _o the effect of tobacco were similar in the _wo data sets. No evidence of interac-

tion between radon and cigarette smoke was found with respect to their joint effect on the

first or second mutation rates, or on the proliferation of intermediate cells. However, the

age-specific relative risks asuociated wi_h joint exposure to rz_don _nd cigarette smoke were

supra-additive but sub- mul'ciplic_five. The _alysis _lso confirmed that fractionation of

r_don exposure leads _o higher lung cancer risks. As in _he analysis of the experimental data

described above, _he parameters of the model were estimated by maximizing the likelihood.

However, in contrast to the rat lung ma]Jgnancies, which were incidental, human lung can-

cers are rapidly fatal. Thus, individuals who develop lung c_ncer contribute the probability

density function for the time ¢0 tumor to the likelihood function, indi_'iduais who do not de-

vciop lung cancer contribute the survivor function, as in the case of the experimental dat_.

As judged by a comparison of observed and expected numbers of lung cancers in various
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categories,themodel describedthedataweil.Inadditiona cnmparisonoftheoreticaland

ernPirica2Kaplan-Meierplotsindicatedthatthemodel describedshetemporalpatternof

fa£1ures_vell.Furtherdetailscan be foundinthepreprin_by Moolgavkaret _l, which is

partofthesppeacLixtothisapplication,ltisinterestingtonotethattheanalysesofex.

perimentaland epidemiologicdatayieldedconsistentresultsdespitethedifferent!il_elihood_

maximized.Thus,asinthecaseof theexperimentaldata,analysisoftheepidemiologicdata

indicatedthatradonstronglyaffectedthefirstmute.lionrate_nd theproliferationrateof

intermediatecells,ltwas tothelatterel_ectofradonthattheinverseexposure-rateerect

couldbe attributed.Inbothdatasets,thesecondmutationratewasLittleaffected.
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