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SUMMARY 

To compare both mortality and quality of life (QOL) across different illnesses, we propose an estimator to 
calculate the expected quality adjusted survival (QAS) by multiplying the QOL into the survival function. 
While the survival function can be determined by the usual life table method, the QOL data can be collected 
by a cross-sectional survey among patients who are currently surviving. The area under the QAS curve is 
thus the expected utility of health of the specific illness, which may take a common unit of quality adjusted 
life year ready for outcome evaluation and policy decision. A simulation is performed to demonstrate that 
the proposed estimator and its standard error are relatively accurate. The limitations and guidelines for 
using this estimator are also discussed. 

1. INTRODUCTION 

Although outcome evaluation has long been proposed and implemented as a necessary procedure 
for health service evaluation, for example, in a clinical trial, it usually focused on mortality or  case 
fatality.' It is not until recently that attention has been extended to morbidity or quality of life 
(QOL) as measures of outcome While death as the common end point is the same 
and relatively easy to measure for all kinds of illnesses, end points for morbidity or QOL from 
illnesses of different organ systems are relatively difficult to set, measure or  compare. Studies 
regarding the QOL or suffering among cancer patients of different stages or patients with 
different phases of cardiovascular diseases have been reported,6- however, there have been 
relatively few, if any, studies comparing the QOL and mortality simultaneously across different 
kinds of illnesses. In 1981, the Ghana Health Assessment Project Team proposed the DHLL 
(days of healthy life lost) as an indicator for comparison of the overall impact of different illnesses 
and priority setting of health policy.' The model has not received much attention, probably 
because it assumed a long term stable condition for all kinds of permanent disability and did not 
take into account the survival probability. This limited its use in acute diseases or injuries and was 
not suitable for chronic diseases. In 1990, Glasziou et al. proposed another model which 
considered the survival probability and QOL together." However, their model treated the 
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progression of illness as several discrete states, which may be applicable for cancer patients but 
still cannot be universally applicable or comparable across different illnesses with too many states 
to be conceptualized and quantified as QOL. It appears to us that there is still a need to develop 
alternative methodology to solve this problem. 

In this paper, we first briefly review the conceptual quantification method of QOL, as 
suggested by Torrance and Glasziou et al., then propose an estimation method for quality- 
adjusted survival time by simply multiplying the QOL into the survival function. To keep our 
concept simple, we shall limit our discussion of QOL only to the health-related quality of life 
(H RQ L). 

2. CONCEPTUAL DEVELOPMENT 

Torrance's utility approach to measuring HRQL is to combine QOL and survival to give quality 
adjusted life years (QALYs).' This places states of health on a utility scale with reference points 
from 0 to 1; perfect health is assigned a weight of 1, and a state equivalent to being dead a weight 
of 0 (negative weights are also possible)." A patient's QOL can be treated as a stochastic process 
q(t1 T ,  x), t E [0, T I ,  where 7' is the survival time and x is a covariate vector. The quality adjusted 
survival (QAS) time of the patient, measured in QALYs, is 

QAS = q(tJ T ,  X)dt. IOT 
According to Glasziou et al., patients are assumed to experience k health states which differ in 

their QOL." The QAS is given as 
k 

QAS = C q i s i  3 

i =  1 

where ql, ... , qk is the utility assigned to each of k health states and sl ,  ... , sk is the time 
(years) spent in each state. The model makes a strong assumption on the independence of health 
state and survival; that is, the utility scales for QOL are specified independently of the survival 
period. Also, to avoid the assumption of risk neutrality, Glasziou et al. proposed a more general 
utility model which replaces si with a monotonic function of time in health state i during the 
survival period to enable the discounting of future gains compared with more immediate 
benefits." 

To estimate the mean QAS, Glasziou et al. proposed a methodology, partitioned survival 
analysis, in which they first estimate times spent in each state, then recombine these to form the 
QALY estimates." The partitioned survival analysis avoids the bias of forming QALYs from 
a direct use of an individual's comprehensive history from onset of diseases to death. However, 
several limitations of the approach had been pointed out by Glasziou et al., such as the need to 
use a progression of discrete states, the lack of methods for examining the effect of covariates and 
the need for an upper time limit for the analysis of censored data. In addition, the method has 
limited application as it only applies to the studies in which patient's whole QOL histories have 
been well recorded, which is rarely the case. 

As well as current life tables published annually in the national vital statistics, there are some 
cohort life table data of different kinds of diseases with covariates such as treatments, sex and 
age.''-'3 To estimate the expected QAS, we propose combining the survival data with a QOL 
sample obtained from a cross-sectional survey designed to assess the most recent QOL among 
patients who are current surviving. 
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3. METHOD OF ESTIMATION 

Our approach to estimate the expected QAS is first to assume that the QOL values of patients 
who are surviving at time t have a common distribution. The mean of the distribution at time t is 
denoted as E[q(tlx)]. Let f(tlx) be the density function of the survival time T and S(tlx) be the 
survival function. Then, a simple approximation to the expected QAS could be derived as follows. 

ECQAs 1x1 = E [loT q(ul T ,  x) du] 

=EIE[joTq(ulT,x)du 11 T = t 1 

Thus, the expected quality adjusted survival time is the area under a quality adjusted survival 
curve, denoted by qasc(t1x) = E[q(tlx)]S(tlx), which could be approximated locally by a linear 
function. Hence, we propose an estimator of the expected quality adjusted survival time as 

J / - . -  

= 1 qasc(tkIx)(tk+ I - tk) 
k = O  

(3) 

where 0 = to < t l  < ... < tJ < t J+1  = 00 are times chosen for estimating survival function, 
denoted by $tlx), and mean QOL, denoted by d(tlx). 

$(tklX) + $ ( l k +  1 I x, s(tklx) + s^(tk I = q  k = O  2 2 + ’  ‘ ] ( t k + l  - tk), 

Another interpretation of the quality adjusted survival curve is to write 

$( tk lX)  + d(tk+llX)s(tkIX)- 9(tk+llX) + $(tkIX) + $ ( t k + l l X ) g ( t k  I 
+ 1  4 .  (4) 2 2 2 

q=(tkIX) = 

The first term of (4) corresponds to the quality adjusted survival portion contributed by the 
patients who die in [tk, t k +  1) , and the second term is the part from the patients who still survive 
at t k  + 1. 

If we want to consider an annual discount rate r for the later years, as proposed by Barnum,14 
Landefeld and Seskin,” then the qasc(tk(x) term in (3) can be modified as 

- 

where Y k  is the number of years from onset of the disease to time tk. 
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The survival function could be estimated from available survival data of size N using standard 
methods such as the life table method, product limit estimator or by parametric models. The 
mean QOL at time tk will be estimated using QOL values of a sample of patients who are 
surviving at times around tk. 

To estimate the mean QOL at the chosen times, we suggest conducting a simple survey that 
randomly chooses n patients who are still surviving. Namely, samples are randomly drawn from 
a steady-state patient pool, of which there is no other unusual or catastrophic mortality or 
morbidity. Let zi be the ith patient’s assessing time and q i ( t i / x )  be the QOL value of the patient at 
that time. For simplicity, a kernel-type smoother is applied to the sample {zi, q i ( z i lx ) } !=  to 
estimate the mean QOL at times to, t l ,  ... , t J .  A kernel-type smoother is a generalization of local 
average type smoothing.16 The smoothed values d(toIx), d(tl Ix), ... , q*(t,lx) thus produced by 
a kernel smoother are given by 

Here b is the bandwidth parameter and K is a simple kernel function defined as K ( w )  = 1 if 
Iw( 6 1,0 otherwise. 

The intuitive sense of the kernel estimate d ( ( t k l X )  is as follows. Only values of q j ( z j ( x )  such that 
z j  is close to tk are used. The bandwidth b controls the size of the region around tk for which 
q j ( z j ( x )  is to be included. When the sampled {zi}l= is not uniformly distributed, it is not easy to 
find a suitable bandwidth. Since the sampled {ti}:= are strongly related to the survival times and 
are usually not uniformly distributed, we propose a modification to replace the kernel in (6) with 

(%j) ; Fn(tk) 

where Fn(u) = Number of z j  6 u/n is the empirical distribution of {zi}l= 1. The bandwidth b is the 
proportion of time points to be used for smoothing. That is, [bn], the largest integer less than or 
equal to bn, points from the left and [bn]  points from the right of t k  to be used for computing 
4(tkIx) .  The procedure is as follows. 

First, let q l )  6 q2) 6 ... 6 q,,) be the ordered time points of ( T ~ } ~ = ~  and the corresponding 
QOL values are q ( l k ( z ( l ) l x ) ,  .. . , ~ & ( , , J x ) .  Then, find out where t k  falls, say z(h) 6 tk d T ( h +  l). The 
estimated mean QOL at time tk will be 

min (h  + Ibn1.n) 1 j = m u (  1, h - [bn] + l)q(j)(‘(J) I ’ )  
min(h + [bn] ,n)  - max(1,h - [bn]  + 1) + 1 G ( t k l . 4  = (7) 

The standard error of QTS, denoted by SE(QrS), is mathematically complicated in 
the calculations of the autocovariaFs of d ( t r ( x )  3(tk). Therefore we may use a bootstrap method 
to obtain a rough estimate of SE(QAS).” The bootstrap is implemented by repeatedly sampling, 
with replacement, from the n pairs of patients’ QOL values and assessing times to obtain a new 
sample of size n for constructing new d(tk1.x). At the same time, we do the same for the survival 
data to oxain a new sample of size N to produce new S(tk). ThenEcombine  these two to obtain 
a new QAS. This process is repeated B times to estimate SE(QAS) by the empirical standard 
derivation of the replications. Often, B = 50 is sufficient to give a good estimate of standard error 
of an2stimator.I ’ The result is called the bootstrap estimate of standard error, denoted by 
~ ( Q A S )  
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Figure 1. Hypothetical quality of life curves generated from equation (8) with ( p , ,  p,) = (0.8, l), (al, a,) = (0.01,0.5), c = 4 
and d = 1 

4. SIMULATIONS 

The hypothetical population consists of 50,000 patients whose survival times are generated from 
an exponential distribution with a mean of 72 months. Each patient’s QOL through his/her 
survival time T i  is determined by 

where p ,  a, y and 6 are uniformly distributed in (pl,  pz ) ,  (al, az), (0, c) and (0, d) ,  respectively. 
The first term of q i ( t l p ,  a, y, 6) describes that a patient’s QOL gets worse with time through 

a parameter a used to reflect the speed of worsening. The second term is designed to add y periods 
with small amplitudes to describe possible improvements of QOL during the survival. Several 
simulated QOL functions over time are given in Figure 1. 

The ith patient’s QALY is given by 

Hence, the true mean QAS, denoted by E(QAS), is the average of the 50,000 QALYs in the 
simulation. 

A survival time sample of size N is randomly chosen from the population. About 10 per cent of 
the sample survival times are multiplied by random numbers from a uniform (0.1,09) distribution 
and treated as censored observations. 

Another n patients are randomly selected from the population. For each patient, an assessing 
time is generated from 0 to his/her survival time uniformly. To  allow sampling error, a QOL value 
of the patient at a time drawn uniformly between three months before and after that selected time 
is recorded as the sampled QOL value at that sampled assessing time. These n pairs are then used 
for estimating the mean QOL function at chosen times. In this simulation, the chosen times are 
0,12,24, ... ,492 months. 
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Table I. Some simulation results. E(QAS) is the true mean QAS; ave(QTS) and 
SE(QTS) are the average and standard deviation of the 1000 QTS replications; 

%(QTS) is the average of the 1000 bootstrap standard error estimates; R B  is the 
relative bias 

N n a1 a2 E(QAS) ave(Q7S) RB S E ( Q T S ) m  

100 50 0.01 0.25 59.19 60.36 0.02 6.39 6.1 1 
100 50 0.01 0.50 53.92 53.73 0.00 5.91 5.66 
100 50 0.01 0.75 49.75 48.58 0.02 5.60 5.37 

100 200 0.01 0.25 59.19 59.90 0.01 5.89 5.84 
100 200 0.01 0.50 53.92 53.15 - 0.01 5.17 5.13 
100 200 0.01 0.75 49.75 47.93 - 0.04 4.65 4.62 

400 50 0.01 0.25 59.19 60.44 0.02 3.26 3.42 
400 50 0.01 0.50 5392 53.75 0.00 3.52 3.57 
400 50 0.01 0.75 49.75 48.56 - 0.02 3.75 3.73 

400 200 0.01 0.25 59.19 60.07 0.01 2.96 3.08 
400 200 0.01 0.50 53.92 53.23 - 0.01 2.75 2.84 
400 200 0.01 0.75 49.75 47'96 - 0.04 2-61 2.70 

0 1 ,  z x x x x x  , , x , i  
7- -T-- 

0 50 100 150 200 250 300 
Time in Months 

Figure 2. Quality of life: cross-sectional samples and kernel-type smoothed mean 

The life table method is used to estimate the survival at  the chosen times. The kernel-type 
smoother (7) with bandwidth 0.05 is used to estimate the mean QOL at those time points in the 
simulation. 

The purpose of this simulation is to see how much effect bias of the estiEatoLQTS may have in 
estimating the t F m e a n  QAS and how good the bootstrap estimate of S E ( Q 2 )  may be used in 
estimating SE(QAS). The main parameters that may affect the bias and SE(QAS) are the sample 
sizes N ,  n and the interval (al, u2). For demonstration, we let (pl,  p z ,  c, d )  be fixed at (0.8,1,4,1) 
and consider several combinations of N ,  n, ul ,  u2, shown in Table I. 
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Figure 3. Estimated survival function, mean QOL and quality adjusted survival curve; the area under the qasc is the 
expected quality adjusted survival time 

For each set-up, we reEated sampling survival times of size N and QOL v&ues of size n 1000 
times to calculate 1000 QASs. For each repetition 50 bootstrap estimates of QAS were cakulated 
to ob&in a bootstrap estimate of standard error. That is, we have 1000 pairs of QAS and 
S^E(QAS) for each interval (a , ,  az)  and sample sizes N and n. 

Figure 2 gives a sample of QOL assessed at n = 50 time poinLand the estimated mean QOL 
curve. The estimated survival curve, mean QOL curve and QAS obtained from a sample of 
survival times and QOL values are plotted in Figure 3. The sample means and standard 
deviations of the 1000 estimated QTSs, denoted by ave(QxS) and SE(QxS), are listed in Table I. 
The relative biases, RB = (ave(QTS) - E(QAS))/E(QAS), are all within 5 per cent. The average of 
the 1000 SE(QAS)s, denoted by SE(QAS), is seen very close to the standxd error of QTS. 

The simulation results in TAble I have shown that the estimator QAS and the bootstrap 
standard error estimate of QAS are relatively accurate under these hypothetical set-ups of 
survival and quality of life functions. We believe that our estimator may not work well under 
some other hypothetical populations, but in the real world, when the quality of life processes of 
patients with a specific disease behave like those in Figure 1, then our estimator could be applied 
to estimate the expected quality adjusted survival time. 

A h  h h  

5. DISCUSSION 

Although QAS can thus be theoretically estimated from a combinational use of a survival function 
plus a sample of QOL assessment from currently surviving patients, we need to clarify the 
logistics of how to implement such a study in reality. For any cohort or data set of which the 
survival function or a life table is readily available or estimatable, we can simply perform 
a cross-sectional survey among currently surviving patients to obtain the QOL data from 
different survival time, and put these numbers into equation (3) to estimate the QAS. To avoid 
any sampling bias or misrepresentation, we recommend that such a sample be taken actively and 
randomly, and particular attention be paid to investigating the causes of non-response to see 
whether they are associated with the QOL. If there is any reason to believe that patients who 
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regularly come back for follow-up are more likely to have a higher or lower QOL, then 
adjustment or supplementary statement should be made at the inference. For any disease for 
which no cohort or life table data have been collected so far, we recommend simultaneously 
collecting both survival and Q O L  data for the estimation of QAS in the future. To increase the 
sample size, we propose following as many patients as possible, perhaps from many centres or 
clinics, with a standardized protocol which includes both the utility assessment of Q O L  and the 
survival condition. Different health profiles3. 5 3  l 9  can also be simultaneously collected to 
further validate the utility measurements. 

One of the major concerns of the application of QAS and QALY for health outcome evaluation 
or policy decision is the ethical controversy of age discrimination and the legitimacy of trade-off 
between the quantity and quality of However, there is an increasing trend to accept such 
an approach for the planning and allocation of the limited health resources becawe of the 
growing demand for cost containment and equitable d i ~ t r i b u t i o n . ~ ~  Hence, we suggest using the 
calculation of QALY within a certain age stratum, for example., less than 10-15 years for 
cost-effectiveness evaluation, but simultaneously consider mortality as the primary indicator if 
comparison is needed across a wider range of age.26 

A second limitation of our model is how accurately we can measure the Q O L  or severity of 
illness or the extent of disability to obtain QALY itself. We are measuring people’s utility 
function, which essentially assumes that human beings are logical and that such a preference 
follows the transitive law,27, 28 but in reality it may change with time, place, types of illness and 
culture and the variation may be quite large. As the illness becomes more severe, or if the patient 
suffers from a psychiatric disease and is not in a clinically stable condition, his consciousness 
and/or judgement may be affected and this will certainly impede us in quantifying the patient’s 
utility function. To deal with this problem, we propose that both patients who suffer from 
a specific illness and medical professionals who directly take care of such patients should be 
periodically asked for the measurement of such losses, and that such utility functions should at 
least be measured separately for populations of different cultures. The different figures can be put 
in the model for a sensitivity analysis. 

In addition to the above limitations, one might also raise the question of whether an 
annual discount rate be applied to the QALY’s gained in the later years of life.l4- 24, 29 

Since an individual may contract diseases or injuries before future days are realized, a healthy 
day of life at present generally has a greater intrinsic value and is preferable to him/her now 
than a day in the future. From an economic point of view, the marginal value of the first 
additional one or two years of survival are usually larger than those of the same duration 
added one or two decades later. Furthermore, if we want to calculate the potential working 
years of life and the salary lost,30 namely, estimate the potential value of monetary 
loss, the adjustment of annual discount is necessary. Thus, it is no surprising that such 
an adjustment is frequently applied in spite of constant debate,24s 2 5  and we have 
prepared equation ( 5 )  ready for such use. However, the QAS we propose here have already taken 
the survival probability into account. Moreover, the cross-sectional survey will collect 
a random sample of QOL data from currently surviving patients with different duration- to- 
dates of the illness of interest, which represent the actual utility values. So, we suggest 
that QAS be estimated both with and without different annual discount rates for 
comparison and sensitivity analysis, which then leaves the final decision to public 

Given all the above limitations, the QALY calculated from our model is still a common 
unit that can be used for outcome evaluation. It has the potential for us to compare the 
overall impact from both mortality and morbidity of different health-related events. A 

choice.22. 24, 26 ,  29 
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detailed model of cost-utility analysis is also proposed in another manuscript to  show its 
use.31 
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