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t.hl' clinical ohsrT\·a.1 iOlls an' made m01l1 1I1~' af! 1'1" it pat il'llt i:
disdlar~ed frolll a hospital. and thp pnlipnf's QOL or lu'alth

slat us is rl'('or<!ed int.o fln" rall'goriN\ of I h... GI:\s}?,o\\" OUh"l)IHl'

Score. Ilo\\'c~\'I'r, dl1(, to 10:-;"" to follOW-lip of Illi",ing \'isils, p<l
l.il'ul:.- 1I1ily expI·dc·lIn' ilion' thall OW" I.\"IU' of Iu-all h sial ll~

bdween t.wo clinic visits, aud infonWll ion aluml I ran:-:il i"IIS

and the duratioll of lwnllh status hC'{\\"{'('1l t!JC"S(' c1isnl.'lc> tilll('

p()inl~.. lIlay 1101. hI" availnhk. SilH'c 111(' QOL for a paliC'nl wHh
SICH behave.-. as a procC';';..<;; with n:-w'rsihlc- 1U':lith slatus, till'-
prohlems of innllnplcl.I' patirlll hC';'l;llh infornmtion (-an COlll

plical£' llH' estimation lJf qAS_ Zh.lCl ·alld Tsiali~ ('lOflO} prn-

j)j)l'>l'd a melhod lIsinp.; a ~(,Il('T<l1 rC'IH·f':',:put.l1ion th('orclll for

mi,,"illg dntn pro('(':-;....C's in adjll!"lillJ?; for illfonuntivl' ('('nst}ritl,~

t.o ~t.illlilt(> t IH' dislrihut ion ami lII£'an of t Ill' (~AS_ ;'\:e\"('rIIH'"
Ips..... , wll('1l all indi\'ichml's QAS Illa~: lu' llnflh~(,T\-ahl(' rill(' 10

nlissing ht'nlill sl'lliiS Irans-ilion informalioll_ 1he'ir IlIpl hfl{1 ;b

w('11 as ol.lipr C'xi;;:;lill~ lJu~tltflds of c·;;:;timalinJ!. llW'1lI (~,,\S, likt,
thc partit.ionl'!l SllrVi\';11 lllrihod {(;hlsziol) 1'1- nI.. HHIO) allli

thp tilllC'-marginallllC'thod (HII<ln~ alld Louis, 19H!)). IllH.\· JlIlI
!)(' <lpplirnhlf' wilhollf a furlhr-r <l~mllplion nhnlll t he di~f ri
hlll-ioll of !I('nlt h slain!". Gla.,,;t.iclll dill. (I!J!I~) usc'fl :m illll'qll'"
Illliclll llll'l-IUld IOIllNISlln' IlIP Q()(. willt lllis..",ill~ clll$pT\'ati'lll:->

or 1I011rl'~pnll~c's. Ho\\·I'\'I'r. for ~lIhjc'('ts who an' insl In folio\\'
lip. HIT n'llson,d. or dip. Ih(' inl('rpnla1iolls ;In' h;l~('fl fill till'

prc'vious Q()L llisl.llry r;ll!ll'r lhan IhI' ("llrn'lll C)()!, illfonJl:l

lion ill~sl.lId.\'. allcllwlJ('(', th('ir rsfilllal(~ call In' hi:l~('(i.
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Sm.lMAHY. Qualif.y-adjllsf.ed slITvival is 11 llH'llSUrl' t.hal- illfC'l-';wll's hulll IIl1lp,t"\'ily flud <jlllllit.\'-of-lifl' infor
mation. The allalysis of quality-adjusted sllrvival in a c1iuiral st.Hdy wit h (lnl-n colh"'f:IC'cl al pprindir infpn:als
encollnt.ers difficnlt.iC'$ due to ineomplC'tc information. Ba!"C'd 011 obsc'rwd t.imf' points, (he tilll~ n:ds is p;lrti
t.ioned into a s('t. of disjoint t.in\(' int.f'l"\'als, alld 1Illdf'r a r-.1<lrkoviall asslIlllpl.ioll Oil pali('ul's IH'alt h sl ;}!.US, 111('

expect.c'd qnalit.y-adjm;t.£'d ~mrvival i~ {'~I.imal cod n::: IIH' SIIIIIIIIl'd product. of lJlI' qllalil~' of lifc' auel il.s "wall
:::ojourn LiTlle of ('ad) henll.h state within parliliclIll'd inl.Nvals. It. is ShCIWll lhal. 1.!lC' (osl.iulill.,r is 'I!"YllIploti.
cally normal wit.h a simple' varinll(,f' calculatioll. A simulatioll stud\' is (,(llldllf"led 10 illV(~1 i~<I11~ IIll"' hrhm:ior
of t.he ('stimat.or, and a stroke st.udy illustrat.es the USe of til{' csti;lIalor.

KEY \\'ORDS: Interval c('tlsorin~; Kapbn i\!('iN ('st.illJalor: :-'lmkov pnH'I':-;"": {[ualily of lifp: Highl ('('ll:"orill}!,:
Survival analysis.
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L Introduction

In clinical trials, often the change of a patiellt. 's healt.h, which
is a composite of related out.comes that rcfll'ct physical alld
emotional well-being as well as survival, is measured over
t.ime nnder the influcilce of OlH' or mon' t.rertl.llIellf.s. A cliuic;)1

endpoint. t.hat. can integrate ooth IOIl~('\'it.y and qualil.\·-of-lifc'
(QOL) information in trials is preferable. Qllalit.\·~adjllst.ed

survival (QAS) is a measure proposed to incorporate health
related QOL and survival time, For example, a QAS can be
expressed as a summary statistic that pH'A"iCnts the ar<'a under
the Cllrve of QOL scores (or utilit.y coefficients) ploll.f'(1 <lgainst
time or as a function the QOL scores and the t.illl!'s spellt
in each healt.h stat.e (Gelber, Gelman, and Goldhirsch, IH8!):
Glasziou, Simes, and Gelber, !9!)O; Cox et aI., HJ92: Zhao
and Tsiatis, 1999), In gcneral. the QAS is a l-itllf'-c!c'!lC'!u!C'llt

function reflecting an individual's ('xpC'riC'n('.C's ,mel 11N('epl.ion:"
over life history_

Many QAS stuclie.s resf. on the a.c;;.,,;urnpl ion that. the t.ran
sition information of a patient's health st.atus is a\<tilahlc or
that the health stat.us follows a consecutive process. llow('\'C'f,

due to the nature of disNt.";P. and pradi('nl cOllslraillts. Ihl'
health st.at-lls may tlot. bC' a cnllsecut-i\'C' procC'ss and Ihe' t rnll

sit.ion of a patient's health sf-at us is 1101. alWflVl'> olll'>erv(ltll('. For
example. in a spontaucolI!" int.racerehral 1}(,lllorrhap;c' (SICH)
clinical st.udy (Bernard, ImH), inve:::l.igalors are I.ypicall.v in
t.erested in a patient's morbidity and mortalit.y. In this slurly.
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u" ~ ~ l", Q{Xh(t)}dt

~ f t 1 Q{X,,(t)}dt
s=1 i=1 I h ,,,,

m k

=L L qislhis,
s=1 i=1

where q = (qis),nkx I, W = diag(wu, W12,' .. ,WIm," ., Wk1,

... ,Wkm)mkxmk) G(8}' = (91(8),.·.)9m(8)), and H =
I mxlll ~'>Y J kx 1 t":l the Kronecker product of an identity ma
t.rix ImxlII and a vector JkXI with all elements equal to one.

3. Estirnation of the Mean QAS

Based Oil the Jecolilposition, the JLQAS can be estimated by
tite C.:;tilll<ltioll of weight Wand the expected survival lime
G(8). \Ve next estimate Wand G(8) under the assumption
that the observed health history {X(t)} follows a (k+ I)-state
klal'kov process. Let Pij (ts~ II ts ) be the transition probability

time points Oh,1' = [th,r-l,th,r), 1 :::; r :::; mh, can be ex
pressed as a finite union of the disjoint intervals, Le., 0h,r =

U~';IEs with E S = [ts-l,ts)I([ts-IltS) ~ Oh,r)'
In connection with the partition, we further assume that

individuals with the same health status within the same in
terval [ts-I,tS) will have the same QOL, qis, i = ll'" ,k, Le.,
Q{X,,(t)} ~ 'Ii, if X,,(t) ~ i,t E [ts-l,t,). By this setting,
the QAS for subject h can be represented as the sum of the
quality of life multiplied by its sojourn time

III k

/iQAS ~ L L qi,wi,g,(S) ~ q' X W X H X 0(5), (2)
8=1 i=l

rn k

J!Q,\':3 = L L (jislis,

s=1 i=l

lJlldel' this represcutatioll of sojourn time, the JLQAS can be
displayed as

where lis is the mean sojourn time of an individual with health
state i in [ts-l, ts). Since the mean sojourn time, lis, is still
a measure involving survival time and health status, for esti
mation, we further decompose lis such that the survival time
and the duratioll of health status can be separated. Let L s be
a random variable representing the length of survival within
thc tillle interval [ts.-l) is) and let Wis be the weight as a
chance that a subject would stay at state 'i in the time in
terval (t s -1, ts ). If 8( t) is the survival distribution, the mean
sojourn lime for an individual staying at state i in the time

interval [t lJ -1,t s ) i:s

ti, ~ Wi, X E(I",) ~ Wi, X 1" 5(t)dt ~ Wi, X g,(5),
t~_1

where Ihh; is the time interval for an individual h with health
state i within [ts __ I, ts) and [his = llIhisli is the norm of Ibis·

Note t.hat lhi::; :;:: 0 for all individual either in the absorbing
:-;tate or cellsored by time ts-I. Therefore) the expected QAS
for all individual is found to be

(a) {fh,U,llt,I, ... ,lh,III/,} ~ {lo,tl, ... ,llll} for all h;
(b) Ul:Sh$n{t.h,lj,th,I) ... ,lh,IH,,} = {fo,ll, ... ,Ln}.

Under the pmtiLiillJ, any illtervals of SllCCt~ssivc observed

··Ii,
I (!{X,,(t)}dl..

./0
To C'villuaLc (Ill ill a stHdy Wilh a periodic ubservati(mal

SCltCIIW. we lirst \Jartitioll IIIC tillle axis illt.O a set (If llis
joint intervals ba::>ed Ull lhe observed times. Sllppose t.hat
to, tJ, ... , till (:orrespolld to t.ILe times of scheduled follOW-lip
ofa~tudy and let Xh(lh,O), Xdth,l)l "'l Xh(th,mh) be the
ohservation of Ihe sequence or health states {O, 1, ... , k} for
n ~iV('1l individual h at Lillles t/l,!), '/1,1,' .. , f'h,lIIi1 ill which

{til,o, til, I,' .. ,1'h,lfIiI } is a s\lllsel or {to,' I, ... ,l,n}. lbillg t.he
set of times () = t(l S t1::; ::; till < 00, one can partitioll
the tillle axis lutu a sl'l of disjoint intervals such that I,he
following two conditions (ll'll sat.isfied:

2. Decompositioll of QAS

Suppt).-;e that there are 1/ iudivi(hlals under stndy and ('aeb
illdividllall\JaY eXIH'ricllce k + I events {O,l, ... ,k}, where
state 0 dC1Lok:; an a]lsorbing sta.t.e while states 1,2, ... , k
are transient. \Ve fmther (\l:iSlIlIle that tbe hth individual's
i\t~altlJ histor.y can he des('l'ib~d by a continuom;-time multi
state pruC'css, {XI1(t)}, WIWl'l' X1I(t) maps to the state space
1" = {O, t, ... ,k}; i.e., at. HlLY tillle l, t.he healt.h :-;tatus X,Jl)
can take Oil allY of k t I values correspolldiug to difren~llt

states uf IH.'alth. Let 'I/l = illf{t : Xh(l) = O} be the time
that. it t.akes tlte hth individual to Illove into t.he absorbillg
:;tate 0, i.e., 'lit is Ihe survival Liltl(' for the htli individual.
III addil iOB, we <h.'tille a QOL fUlIctiun q mapping the state
space to a. prespecified set of real llulllbers. For referellce alld
cOll\'clliencc, the vallie of QOL is set 10 zero for the ab::iorbillg
:state. i.e., Q(O) :::0. O. \Vith t.his llot.ation, the hth individual's
qllality-adjuskd sun'ival is

Because of the difficulty of specifying the life history
through periodic ohservation, it is llccessary to postulate some
underlying statistical model for the QaL process. Multistate
Ilwdels (Chiang, 1980) and compartmental models (Faddy,
I~7(j) uuder I\larkoviall m;:slllllptioU::i have been proven to be
llseful too/:; for Illlderstalldillg: health trallsitions and have
bt!cll proposed for cOll1parable situatiom; (Olschewski and
Sdlllluacher, 1990). III this study, we Jerive un estimator of
mean QAS hased Oll the a,<;slIlllption that the QOL process
is fl...larkovian; this in tUl'll allows the estimator to accommo
date a QOL process with periodic observations. There is no
r('qllirelllt~llt of COJlLitHl<JllS ubservation of patient.s' QOL or
exact t.ransitioll tiJllPS, which may not be [t)asilJle in clinical
trial sdtings. USillg Slut;t,ky's TIl()orclII, we show tllat the es
timalor is aSylllplot.ically lIorinaL

Sectioll 2 present.s a dCColUposiLioll of lIJean QAS ha.:,;cd 011

olJscl'ved tillle points. The decomposed lllean QAS involves
two llllknowll components: weight:::; of health statu:::; and ex
pected ::llll'vival times for given tillie intervals. III Section 3,
we PI'0P0::lC all e:::;t.illlatioll procedure for the unknown compo
lJents wiLli right-censored and interval-censored data. Sectiou
·1 dcsnibc:; tI'mtmcllt. comparison witb e:;limated (lAS. Sec
tiolls 5 and (j contain it simulation study and a stroke study
illustmLing tlw proposed estimation, and we conclude wit.h a
disCIIS:-.ioll iu Sectiol! 7.
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,,2(1,1 f\ 1,2) = ('.;M., J(s){Y(s)} ··'diV(s).
./0

where }'(s) is the Illllllbcr at risk just. bcforf! t.ime s. N(s) is
the number of '.he observed failures, and )(.-;) is an indicator
function that equals olle if yes) > 0 and that is zero oth('r
wi::;e. Helice, til(! mean sojourn t.hue for snhjeds with state i
within Its-1.ts) is est.imated a.<;;

ii .... 11 = U'i!l(B,I) X g... (.5,,)

'" k

il4AS(O'I' Su) = L L (lr.~ii!l." = q' x \V(Bu ) x H x G(S'rl)'
."=1 i=l

1/',.1,'2 = (t.'1+1 - 1.•Il x (I'HI - 1,2) x S(t.,d x S(I.d.

x a
2

Usi A 1.~2),

and (72(tsl A Is2) call he ~til1lafcd (,oll~i:"f(,lIfly by

vn{S,,(t) - S(I)} ..!!... -S(I)' U(t) as II - co

on t E [O.I. m], where U(I.) is a Gaussian mart-inJ?;alc with
U(O) = 0 and COV{U(J.l),UU")} = (J2(t.' 1\ til) (Andcrsen
et. aI., 1993). It has hC'CJI shown th:lt. gi\'clI fo.lt ..... /",.
n l

/
2 {G(Sn) -G(S)} is a.<;ymplotic.-.:'dly lIlultivariate llorln;\1

wit.h mean 0 and a.<;;ymptotic cO\'ariance matrix W = (r/~sl.s2).

\",'here

-? = {q' x W(Ol x 1'1} '1' {q' x W(O) x Hr.

By t.he Slutsky Theor("l!l, it call he shown thal

- - /).)
vn{I'QAS(O".S,,) -I'QAS(8.S)) - 1\(0. ..,-) :IS" - x.

(I)

\VhclI T is determined exactly or T is right- censored, tilt'
Kaplan -Meier estimator (Kaplan and i\leier, 19:>8), S,,(t), can
he used t.o estimat.e the survival funct.ion Set). Under certain
condit.ions; it:, has heen shown t.hat

which cau Iw cSlimat.ed con~istclltly hy slll)."l.itutill~ the ron
sist.(,111 t'stinIHtors 0.. alit! ~ for tlte unknowlI p:lr;ullcl('~. As
O1le rdrrc(' point~ 0111-. this tnf'thod allows for simph>r \·ariann'
calculatiolls llsill~ Slutz.ky's TI1l'(JfClll lhan thn:::.c within thl~

simiJnr cont~xt· of Huang, and Lmlis. (19!l!l) and :\Iurray and
Cole (2000),

\Vc ll('xL cOIl~id('r the iIlIN\'al-c('n~oringcase for QAS anal
ysis. EV('1l th(JlI~h I.h(" s1lfvi\--a1 f!ndpoint dc-alII is rard.... ill
t(-':f\'al CCtlSOrN! ill many trials. I hI" idea of QAS analysis can

be ext.ended to studies with QOL and nonfat.al endpoints like
HfV studies wil-h AIDS occnrrPllcC'- as. the r!ntlpoint. Intf"rval
('('-lIsof('(1 PlldpoinL<; for such studies arc not uncommoll. In the
case of T being, inlf'rval cf'llsored. therf' arC' many TTH.'thods in
the literaf.111"(> propo..<;e<1 for slIrvi\'nl fUllclion N>tilllat.ioll wit-Ii
illl.ef\'al-c.cllsored dat.a (e.g.. WhiU.clllon' and Keller, I!)~(i:

Lindspy and Ryall. 199R). Ollf' can ohtain t h(> f'sl imatt'd IJQAS

IIsin)::!; those lllcthods if f.ill' sun'h.-al fUllclioll and it!. \'ariaIU'f'
can he wdl I:'sl.imal('(1. For exalllplf', if a piff('\\'isc f'xpnllen·
t.ial model is illlposf'(1 011 a set of intf'rval-cem:orf'd rJata with
J intervals D t , = !Tv_J.Tt .) for lJ = 1,2..... ) and as..<;uming
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i = 1,2, ... . k.

(,
0 .,:.]010s OIls

P(8,) = 02
:"'

021s 02ks ,

Bka!! °kls Bkks

870

with BUs =Pij(ts-l, t.,) and Oiis = l-Ej# Oij.... \OVe lIote that
a great.er value of Oils indicat.es a smaller chance of transit-ion
from statl" i to other st.ates, i.e.. the longer is t.hc> t.inlc (wriod
individuals will stay at. t.he same stat.f', Morcowf, a greater
value of Blis (I i i) indicat.es a greater r.hance of transition
from other states to state i. Thereforc, the weight. of t.he mean
sojourn time at state i for individuals in [l.s-1, ts) can be
considered as an increasing function of (Bl is )l=l ....•k and it can
be viewed as the chance of the healt.h status that im.livirluals
might experience during interval [t s-l, ts). In this study. an
intuitive weight is chosen as

k

LOu,
l=l

W;, (8) = -kc'.-=eke"",--

LLOlj,
j=ll=l

By the choosing of this weight} we can estimate W by c.",timal
iog 8. Suppose that [P(8... )jij = Bijs is the (i,j) clement of
P(8s ). By the Chapman--Kolmogorov equation, the observed
transition probability for subject h. Pij(lh,1"-l, I.h,/"), r.an he
represented by

P;j(th.r-I,!.h.,') = [IT P(o.,)"" .•. (Sl]
s=1 ij

Pr{X(t,) = j I X(t,_d = i, X(tr), 0 S r < s - I}

= Pr{X(t,) = j I X(t,_d = i) = P;j(t,-I, t,)

and the transition probability matrix for the interval ft ... - I ,1..,)
can be expres..<;ed as

where 'uh,r(S) = 1 if [is_l.ts ) c [//1.,--1.111.,.) and is zero
otherwise and P(Os)o is defined as all identity matTix. Sinee
mh :S m for all h, we further define a 1 x mk(k + I) ran
dom vector Y h = (Yll r ij) of binary random variables such
that YhriJ = 1 if subject h is in st.ate j at time 1/1." :md
in state i at time tll,'·-li otherwise, it is zero. By definition,
Y1 , Y2, ... ,Yn are distrihuted independently and idellt.icall.\'.
Then the likelihood fundioll ba.c:;ed on n individuals r~n he
displayed as

for a subject from health state i at time ls-l t.o health state
j at time ts. Under the first-order Markov a.,c;sumption.

L(O) = IT {I IT [{I P(8.')""""l] Yo"~,
h=l r -I1.] ... _1 'J

where 8 = {OJ, ... , 8m r. The maximnm Jik~lihood estimate,
On, of 8 can be obtained using the Fisher sC(lring pror.edllrc.
Note that, under some regularit.y conditions, On is sfrong:ly
consistent with () (Sen and Singer, 1993). It. can also bl:' shown
that 1lJis(lin ) and W(On) arE": strongly consistent esLilllnt(>s of
wi,(8) and W(8), respectively,

·;f
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efficacy. Under the equivalent efficacy assumption, the test
statistic ({tQAS',TlI - (lQAS,Tl2) has an asymptotically normal
distribution with mean zero and with an appropriate asymp·
tobe variance where n I and n2 are the sample sizes for the
two treatment groups. The main problem in analyzing QOL
is the lack of a gold standard to evaluate the QOL score, q,
for diseases. The assesSlllent of a QOL is difficult and is often
criticized because QOLs are obtained with biased measure
ment (Smith, 1987). However , as Olschewski and Schumacher
(lOgO) pointed out, in Ii randomized clinical trial, nonpara
llletric test statistics or the test based on asymptotic results
lllay still be valid for the treatment comparison even if one
assumes that a QOL assessment is systematically biased.

5. Sim_ulation Study

Tn this section, we conduct a simulation study to evaluate the
performance of the proposed estimator. We first consider a
st.udy that is designed to follow patients' QOLs monthly for
12 months and where patients' survival times, T, are exponen
tially distributed with hazard ,\ = 1/15. Suppose that a pa
ticnt's QOL follows a three-state time-homogeneous Markov
process with death as state 0, poor QOL as state 1, and good
QOL as state 2, and the QOL scores, qs, for these states
are 0, 0.5, and 1, respectively. The transition probabilities
between 2 months arc assumed to be (tho,B I 2,f)20,B2d =
(0.4,O.2,O.1,O.:~), i.e., the probability that a patient with a
poor QOL in the previous month could die during the cur
rent month is 0.4, etc. In this simulation, we consider data
with average 20 and 40% censoring rates and with the same
percentages of nonrespOl1se rates at each monthly visit. We
assume that each subject would have a 50% chance of having
a poor QOL or a good QOL health status at the initial visit.
Table 1 shows the estimatioll results based all 2000 simula
tions for each scenario.

It is clear that, when the censoring and the nonresponse
rates a.re light (20%), the estimators of ttQAS have smaller
biases with smaller sample standard errors compared with

Qttalily-Adjusled Sm'V'ival Esl'inwtion 871

;

Table 1
The bia.';, sample slandanl error' (SSE), sample average of the estimated standard error

(ESE), awl the sample avemge of the covemge probability (CP) of ttQAS = 5.421 by the 95%
confidence interval based on different sample sizes, censoring rates, and nonresponse rates

Nonresponse rate

CCllsoring Sample
20% 40%

rate (%) :;izc Bias SSE ESE CP Bias SSE ESE CP

20 20 0.242 L:l72 1.235 0.840 0.305 1.402 1.415 0.828
40 0.194 1.034 1042 0,938 0.248 1092 1.100 0,920
80 -0,058 0,719 0,723 0,943 0.159 0,736 0,730 0,947

200 0,034 0.466 0.460 0,955 0,120 0.474 0.476 0,949
400 0,019 0.302 0.308 0.951 0,087 0,380 0,369 0,953
800 0,017 0.225 0.223 0.954 0.054 0,279 0,283 0,952

40 20 -O.:lOO 1.462 1.379 0,810 -0,343 1.620 1.611 0.763
,10 ~0,147 l.!71 l.!O2 0,903 0.231 l.!93 1.184 0,893
80 ~0.O9·1 0,782 0.768 0,924 O.lHI 0,787 0.791 0,919

200 -0.1)(;7 O.liOO 0.600 0.051 0,130 0,656 0,648 0,949
'100 O.O..Hi OA08 IU17 0.950 0.09G 0.,121 0.426 0,947
800 0.011 0.301 O.2UG 0.953 0.00 I 0.316 0.310 0,951

and t.his CiUl lie estilll<tt.cd {,()llsistl~ntly hy V(Bu,;\n).

4. '!1:eatrnent Comparison

The main purpose of the clinical trial is ofteu to investi
gate therapeutic efTlcacy. For eXi;tlllple, in cancer trials, can
cer treatments often offer it cure that would interfere wiLh
the patient's bodily integrity. The purposes of the treatments
are not only to prolong tbe toUd or disc&:;e-free lifetime but
abo to prevent the adverse events due to the introduction
of the treatments. The quality-adjusted survival would be all
appropriate 1IH.'a."iure for tl'eatlilcllt cOluparison. Suppose the
treatment-equivalent efficacies of two treatments arc exam
ined by their quality-adjusted survivals. Bi:tsed on the estima
tion of mean sojourn time lis1 un individual's QAS , VIp can
be obtained from (1). \"'lith two illdepcndent QAS sarnplcs,
oue can use nOllparamcLric methods, like the !\[alln--Whitney"
Wilcoxon lc:;{., lo compare trealment-equivalent eflicacy. This
is possible by noting thal the rauks are invariant under lllOIlO
Lone transformations, and this i:::; preserved by using pooled
estimatcs of the f)'s. For large sample sizes, one can also usc
an approximation test to examine the treatmcnt-equivalent

V(IJ,A) = {q' x W(IJ) x II}

[
iJ _ I fJ ,]

x iJA G(A) x (I(A)) x liA G(A)

x {II' x W(IJ) x II}',

as n -----+ 00,

where

a constant hazard /\1' within eacb interval J).u and some regu
larity conditio/ls, it call he shown that .\./1 is consistent for A
and n1/:l(A n --,,\) is a..':iynlpt.otically lllllitivariate HOrlllal with
mean vector 0 and asymptotic covariance m~trix ~ / (,,\)} -1 ,

whi('h call be estimated cOllsist.ently by {f (An) } _. . By the
Slutsky Theoreltl alld the delta method, it call >~~ shown that

;';k

I
'~;~

~ ~..
, ,:.

,,',
"'~ ..
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Table 2
Transition probabilities, lmzanls.. C:J1JCc.tcd SW'llil'fll, ami mmll

sojoU1n lime. estimates (SE) wil/lin infpf"1raL"i f07" the SICIl .c;ludy

Ti'lle int.crv(l! S

2 :)

Transition prolml>ilif.y

Ow.'! 0.10·1 (0.071) 0.0!i0 (IU1I2) 0.1).12 (0.05;;)

BI2.'i 0.11!i (O.OO:l) 0.167 (0.08;;) 0.170 (0.000)

820.'< O.O!iG (0.00'1) 0" O.OOR (0.018)

021", 0" Il.II;;1I (0.1J.l'l) II.OOR (lUll R)

Hazard

A., 0.121 (0.00 I ) 0.0·1(; (IUIGI) O.onl (O.O{;ll)

Weight

WI", OAOR 0.4111 lUI:!

1V2s 0.592 O•.')!)() 0.557

Expect.ed survival

g... 0.942 (11.2.18) II.R04 (1J.:Ili!l) II.R·II (IURI;)

r.."1can sojourn

lis 11.~84 (1I.ll!J2) IU!i·1 (IUIR) 0.:\7:) (O.I.I!J)

l2$ 11."08 (11.12·1) 11.0 I0 (O.IO!!) IIA08 (11.171)

a Since th(>n~ is no ohsl."rv:\!.inll with this OIll.C'lIlH'. t.hf' frr.llsil ion prohahilily alll(}n~

th~e data is rf'st.ridl'd t.o Zf'ro.

· ,.~

t.hosc ~sl.illlators I ha.t havE' the h('iLVy cellsOl"ill~ rate aud/or
thc nonrespOllSC ratc (40%). The sample aV('l'ag('s of the ('sfi~

mated standard errors are very dose to the sample sl.andard
errors for all scenarios. The correct. sample coverngc proha
bilities are lower when sample siz('~<; arc IE's." than 80 I HII. are
increasing in sample size and are close to D.n5 whell sample
sizes are greater t.han SO, In general. the propns('d cslilllator
provides a.n accurate estimat.e wit.h a ~alllplE' of Illoderat.p :--izf"'.

6. SICH Study

A clinical ohscf\'ation study is used t.o illust.rate> t.he propos('c!
estimators for a.<;sessing the flQAf;' There were 65 cOllscclll.iv('
patients with deep (epicenter in ba.<;al gan~li<l or I halallllls)
supratent.orial SICH admitted 1.0 the NCllTosurgical SC'r\'in~ of
the University of North Carolina Hospil.al~ 1>el.\...·('<.'l1 ~far('h

InS5 and .June 1994. After discharge, the clinic-al courses for
only 44 patients were available through four monthly folio\\'
up visits; the re.st were cit.her lost. to follOW-lip or mis.<;inK
at. least one monthly follow-up. The Gla.<:go\\, Ont.colllC' Sc:or('
(COS) is uSC'.d t.o d~sC'TiI)(' pat.iC'nt. lIlorhidil)' and lllorl.'llily
as fill out.come measure for patients who survi\'l'd In'yoml :m
days at I, 2, 3. and ,l months, r('SlH'cl.i\·C'!y. ThC' COlliPIlIlC'llfs
of t.he GOS include t.he r<tt.ing one for dpad, I.wo for ppr~isl(,1l1.

veget.ative state (no cort.icfll funct.ion). t.Ill"N' for mo(krall' dis
abilit.y (conscious hut. disabled). fom for lIlo<!cratp disahilit.y
(disahled hut. independent.). and five for good r('('"m·N.\, (n'
Sliming normal act.ivit.ies).

A mult.i.statC' r-..rarkov proc('s~ ran hC' lIs('<! 10 df'~nihC' 1-111'
changE! of t.he clinical COllrS(' of stell. For illustralion pm
posps, we redefine a pat.ient's heall.h st.at.us as h('inp; slal.(' 0,
representing deat.h; a.<; st.at.E:' 1, representing COS = 2 and :~

as unfavorable olltcomes; or 8." stat.e 2. rcprflspnt.illg COS =
4 and 5 as favorable outcomes. Since t.he rlat.a ar<~ coll(!('j.NI

monthly, \\'(~ nlilsicl('r Ihe :"1Ir\'I\'<l1 oUkollU' 10 "C' illl<'n';J1 n'll·

son,d. Suppose' Ihat Oij .... (i = 1.2, j = II, 1.2, and.o> = 1.2.:q
is t.he transil.ion rroha.hilitS from stat(> j 10 sl<lte j <l( till'

time interval IWLW{\ tl mont.h sand mOllt h .... + I. I3<lsc·d nn Iht"
pstima.tioll pwcf'{llIn.. c1e:'>niIH'11 in 1111' previons srdiolls. 011('

can cstilllaip I.he transition prohahililif':'.. Ih(' w{"ight.s, <lnd 1111'

Illean sojnmn limp for C:leh monlhly intl'f\"al. T:lhh' 2 COII

'-ains fhe l'slinmtC's. Fr(llll Tabil' 2. Wl' noh' Ihat tl1I' Inlll;.;i~

!.ioll pl"ohahilil i,,:- frolll slat!'1lo olllPr :-;1,,11':'; an' :-:mall,'r Ilml1

Ih(~ I.r:lIlsilillll prolmhilil.if'S from sl<ll<~ I to ollll'r :-;.tale:-:. .UTIl........"

I illH'. This illlpli,,!'; t.hat. pa{ipul:" wil h fm.-orilhll' Oll!cI)llU':-; al
allY l.illu~ inI.Pf\1.1 <Ire sl<l1>11' and shall haw' n IOIl~::;r'r llll"';tll so

jOllfn t imc at t lw fa\"oralJ!t, lll'alth $1 ilt liS t han IhI' pal jP1l1 s
wil.h lIufayorah!p olllnnllf'S. TIJ(' rstilllalr<l w('i~hls. Wi ..... iIIld
mean sojourn l.illlPS, l i :<., are' C<lllsi:·-i"n(. with this cOlldm:i.m.

For ('xampl('. PCllicllf~ ill this slndy will :--lln'i\'c an ('xl)('('Il'd
O.!)·t2 months (m) at. t.he first monlhly inlNval. while 1111'1'('
will he a nAil!': dJall('e ("'II). or 0.:1;-;:·1 lllouths (I, [). with tIl('
lInfavorahl<' health slalp ;l.Ild a {).;)~)2 ch<lIH"C' C"':2:l). Ill' O':i:iS

mOllt lis (1,1 ). wit Ii 11lf' f'\\:lll"ailip IW:l11 h sl al P. Thp ('lHlSisll'lIl'"_V
of the ff'Sulls illllinlll':-O IIII' pr"pos(',1 weig.hl functioll i:-o ;\ )"(";\

sOllilhl(' c!loic('.
For ilIuslwll"1l ll\lrpll~(·S. We' dlflll.-';P a ~I'I 'If hypolllf'li~

cal qOL score's 'II = 0.5 alld If"l = I to calculate tlH' I'X

}l1'c1cd Qi\S alll! its varialw('. The cllo.-';('11 QOL SCOf"('S iudi·
,,11(' that IIw QJ\S for a palil'lll wit It I llIolll h of f;mll";lhl,'
Ju·all.h (lUlnHIlI' is ('(luiv;ll,-·ul II) Illl' QAS for ;'J pal 1,'111 wil h "2
IlIOlll.hs of Itllf;n'llnlh/p 111',,11 II ollfnHlIt'. Cin'u f hI' ":-01 illwlllrs
ill IIll' alHI\·('. IIII' psl.illlalr<! lIW;lIl (jimlilY-;lIljllsll'd ~llI'\'i\'al

I.imp for Ihe :l-lIlonlh illtPf\',,1 of (hi;.;: sludy i~ 2.1191 with vari
[l11('C' n.<i8·L hi (';ISP t.hat (lJlf' ('1100.....(':<: n)h'rll<ltin' QOL :.;cores
(fJl.f/1J ::::: (0.2:1.(1-7:)), th~ ~tinmtNI lIl('au qn:llily.adjllsll'1l
sllfvi\':ll I.illl(, for I.hi~ ~t.Jl(ly is I A:JO \...·ilh a \"ariauc(' nf O.2::-)j.
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The difference lJelwe(:1l t.hese two e:-;liltlated quality-adjusted
slll'vival times indicates tile impact of ehoosillg QOL scores.

7. Discussion

All estimator of the IllCali quality-adjusted survival time is
investigated uuder the i\.1arkov assumption that trieH to avoid
tbe estimatioll problellls due to periodic observation. The pro
posed estimator allows the QOL score to be dependent on
both health status aml survival time and can be applied to
right-C('lJson~d alld int.erval-censored ohservatioHs. It. is abo
possibh~ to incorporate covariate eRects into the estimatioll
of the weiglJt or the expected survival time. For example, the
transition probability or t.he hazard rate can be a fUlIction of
(:oval'iates. The est.illlutiOll of covariate cfreds cun be imple
llli!lItl~d Ilsing the :;alue estill1atio!l proc(~dures for the weight
awl survival tiIJlt~.

Note that the proposed cstilllatOI' han its OWlI linlitatiolls.
First, t he a~:;lIIl\pt.i()n t.hat the disease process is tvlarkovian is
dillicnlt t.o \Trify wit h periodic IlOllpanel observatiolls. When

the !\[arko\' assllillpt.ioll is violat.ed, the proposed estimator
('all be sigllificalltly biased. For exalllple, suppose tltat a dis
ease proceS:-i follows a three-state sellli-!'darkov procetis with
('Ollstallt latent risks (ha'l.:ards) (i!O,111,i20,1'21) = (0.25,
0.25, O.l~~, 0.20). By a tiimilar simulat.ion !:>tudy a.s in Section
5, lhe proposed {'S 'lila tor of nlCilll QAS is biased about. 20
700/1, ill various ("('ll~ 'rillg awl 1l01lJ"('SPOllSC rates. Therefore,
Ilsing t.he propus(~d estJlllatol' for a sewi-!\Ial'kov Illude! should
be apprained properl.y. S{'{'olHL ill thi::i context, the IlJaxinmm
llumber of o!>:wrvat iOll (ilnes, m, is pre;pecilied by t.he st.udy.
TiJis lillJitatioll can Iw rdicved as loug as the sampling scheme
is llOllillfol"lllativ(' (C:riiger, Kay, and ScllullJadwr, lDD1) alHI
lit S liE.. f, < 1j'!. sud I that I he cOllvergl'llcc pr()p(~rt.it!s that.
have Ilt~I'1l disCIISS('d ill tllt' COllt(~xt sl ill hold. Howl'v!'r, large
III ill a study will itJtr{jdl1{'(~ a large lllllllber of pan\IJwtl~I'S

aud t herl'ful'{' will ill('l"('iL'j{' t he complexity of I.ll(~ estimatioll,
For a slIlall salliple size study. (lie cstilllatcs arc pr(Jblelllatic.
For example, tllere an~ "lK transition probabilities that need 1,0

be csl.illlakd ill eilcb of out" silllulation scenarios. \Vit.ll only
20 subjeds, I il{~ bias (~:-it.ill\illeS would have a large entilllated
:-itaudard {'ITOr and til{' coverage probabilities are h~nS than
K5% for allY s{'('llario. To resolve the pl'obletl1, cprtain illtervals
call IJI.: grollped basl'd Oil biulugical jUdglllellt or 011 practical
reasons :mdl t.hat (he tlllllllH't" of panulH'lers is r('dll('(~d l.o a
IllaJ\ilg(~ill)le Il,\·(,I,

\\'e IlO!t' that it may !)(' IHlssihll' to apply a full likdihuod
approach tu (~stiJllatt~ the transitioll prohabilitie:5 alld the :;lll'

viva! distributioll Sil\lult.illleolltily. For example, Huang and
Luuis (199:1) lise a ll<1I1 panulldric I1laxillllllll likdiho()ll ap

proacll Il) l'sl.illlate t lie joint di:-itributiol1 of survival t.illle and
Illark variables. A Silllilal' approach Cilll be llsed if L)ue can re~

place mark variabk's iL.., fUlictions of QOL appropriately. [-Iow
evt~r, to tllOrOll[!;ldy address thene issues with the nUlll'('spOllses
amI loss to folll)w-up dlH~ to a periodie observatio!l scheme,
additiOlliLl illvcst.igatioll is Ileclle(l.

In conC'lu:-;ioll. tile estimator developed here did provide
a flexible framework fur t.he quality-of-life adjust.ed survival
study with periodic observations. Important study insight.s,
which may have been L>v('r!ooked hy \lI(~rcl,v cOll::;ilkritlg COll\

plete ()b~en·ations. lllight lie gained froll! t.he IIS(~ of ::illch a
lllt,t.hud.
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RESUME

La slll'vie ajustee sur la qualite est une mesure qui integre a
la fois des informations concernant la longevite et la qualite
de vic. I/analyse de la survie ajustee sur la qualite pose des
problemes dans les etudes cliniques avec donnees recueillies a
illt.ervallcti l't~guliel's it cause des donnees rnanquantes, En se
basant sur les dates de recueil observees, on peut chkouper
l'axe des teillps en intervaJ!es de temps disjoints. Sous une
hypothc:5e JIlarkoviellne sur I'Ctat de sante d'un patient, la
survic ajustce sur la qualite att.endue est estimee comme etant
Ie produit cllI1lulc de la qualit.c de vie et de 1a duree moyenne
de sejoHr dans chaque etat de sante au sein de chaque in
tervalle de temps. On montre que l'estimateur est asymp
totiqucment normal avec un calcul de variance simple. Uue
etude de simulation est realisee pour examiner Ie comporte
ment de l'estimatelll" et une etude sur les accidents vasculaires
cercbraux illustre l'utilisation de eet estimateur.
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