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The effect of azathioprine on survival of patients
with primary biliary cirrhosis was studied prospec-
tively in a multinational, double-blind, randomized
clinical trial including 248 patients of whom 127
received azathioprine and 121 placebo. There were
57 deaths in the azathioprine group and 62 in the
placebo group. The actual survival was slightly
longer during azathioprine than during placebo
tregtment. Using Cox multiple regression analysis
and adjusting for slight imbalance between the two
treatment groups, the therapeutic effect of azathio-
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prine was statistically significant (p = 0.01), with
azathioprine reducing the risk of dying to 59% of
that observed during placebo treatment (95% confi-
dence interval 40%-90%) or improving survival
time by 20 mo in the average patient. Furthermore,
azathioprine slowed down progressing incapacita-
tion, Side effects of azathioprine were relatively few.
The analysis revealed that the following five vari-
ables independently implied poor prognosis: high
serum bilirubin, old age, cirrhosis, low serum albu-
min, and central cholestasis. These factors were
combined to a “prognostic index” for prediction of
outcome in new patients. The index was validated
on independent patient data. On the basis of these
results we recommend azathioprine as a routine
treatment of primary biliary cirrhosis.

The etiology of primary biliary cirrhosis (PBC) is
unknown, but because immune reactions seem to be
involved in the pathogenesis of the disease, an
immunosuppressive drug like azathioprine may be
expected to be effective. A controlled trial of
azathioprine versus no treatment performed at the
Royal Free Hospital in London found that the devel-
opment of cirrhosis was not prevented and survival
was not improved by the treatment (1). However,
because only 45 patients were included in the study,
the risk that a therapeutic effect might have been

Abbreviations used in this paper: PBC, primary biliary cirrho-
sis; PI, prognostic index.
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missed (a type II error) was considerable. In 1980 a
preliminary report of an international trial of
azathioprine versus placebo was published (2). The
results at that time indicated weak trends toward a
beneficial effect of azathioprine, but the duration of
follow-up was too short to provide a definite conclu-
sion. In spite of the higher number of patients
studied there still was a high risk of not detecting a
substantial therapeutic effect.

This report presents the final and more precise
results of the international trial on the therapeutic
effect of azathioprine in PBG based on a follow-up of
longer duration. The detailed investigation of
prognostically important variables using propor-
tional hazards regression is described and a prognos-
tic index derived from these variables is evaluated.

Patients and Methods

Patients fulfilling the following criteria were in-
cluded in the trial: clinical picture and histologic features
compatible with PBC, alkaline phosphatase activity
greater than twice the upper limit of normal in the absence
of evidence of extrahepatic biliary obstruction, and no
antimetabolites (e.g., azathioprine, 6-MP) administered
within 6 mo. No patient received such drugs before the
study. Patients were entered regardless of age, duration of
symptoms, or histologic stage at the time of diagnosis.
Informed consent was obtained before entry into the study
and approval was also given by the ethical committee in
each hospital. Patients were randomized to azathioprine or
placebo separately for each centér and for each sex by the
sealed envelope technique. The identically looking tablets
contained 50 mg of azathioprine or lactose. Patients weigh-
ing 40 kg or less received six tablets per week. For each
10-kg increment in body weight the dosage was increased
by two tablets per week to a maximum dosage of 100
mg/day. For the first 2 wk, half of the indicated dose was
given. Leukocytes and platelet counts were made every 2
wk for 2 mo, and monthly thereafter. If the leukocyte count
dropped below 2000/ul or the platelet count below
20,000/ul, treatment was temporarily discontinued.

Clinical assessment was carried out at entry into the trial
and at 6-mo intervals thereafter. This included an estima-
tion of the degree of incapacitation based on the number of
days during the previous 100 days spent in each of the
following categories: (a) normal health; (b) reduced well-
being; (c) without capacity for work, but out of bed; (d) at
home in bed; (e) in bed in the hospital. The degree of
incapacitation was calculated as follows:

Incapacitation index = (0a + 1b + 2c + 3d + 4e)/4.

Standard liver furiction tests and measurements of serum
immunoglobulins and autoantibodies were also performed
approximately every 6 mo. Before entry into the trial and
at yearly intervals thereafter, a liver biopsy was performed.
The biopsy specimen was assessed by a histopathologist
(H. P. or B. P.) without knowledge of the clinical condition
of the patient or the treatment given.

The actual survival curves (Kaplan—Meier plots) for the
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treatment and control groups were compared using the
logrank test (3), taking the survival time as the time from
entry into the trial to the last observation (either death or
censoring). Thus the follow-up on patients withdrawn
from treatment was continued and the total period of
observation was used in the survival analyses according to
the “intention to treat’” principle. The effect of therapy on
the progression of incapacitation was analyzed in a similar
way, using the time from entry into the trial to the first
occurrence of an incapacitation index >25 in patients who
had lower values at entry into the trial; as described
previously (2,4). To refine the survival analysis, the simple
(marginal) relation between all clinical, biochemical, and
histologic variables and survival was analyzed in each of
the two treatment groups and for both groups together.
Variables showing a relation with survival either signifi-
cantly different (p < 0.05) in the two treatment groups
(“therapeutic variables”] or significant in either or both of
the treatment groups (‘“‘prognostic variables’”) were re-
tained so that further multivariate analysis could be per-
formed to determine which variables had independent
influences on survival and to adjust for differences in such
factors between the two treatment groups at the time of
entry into the trial. We used the Cox multiple regression
model for censored survival data (5). According to this
model the hazard or risk of death A{t) at time t after
randomization for a patient with variables z, - - - z, is

At) = Aq(t) exp(bizy + - -+ + byzy), t >0,

where Aq(t) is the so-called underlying hazard and b, - - - by,
are regression coefficients. If a regression coefficient b; is
positive, higher values of thé corresponding variable z;
indicate higher hazard or worse prognosis, and vice versa
if b; is negative. If b; is zero the corresponding variable z;
has no influence on survival.

Before inclusion in the Cox analysis, the distributions of
the continuous variables were checked for normality (6)
and, if necessary, a logarithmic transformation was made
in order to prevent undue influence on the regression
analysis of a few extreme observations.

The assumiption of proportional hazards was checked by
observing constant vertical differences (independent of
time) between plots of estimates of the logarithm of the
integrated (cumulative) hazard function against time for
various levels of each variable (7). For variables with more
than two levels, including the continuous variables, the
lines of the plots for equally spaced strata were checked for
equal spacing in order to fulfill the assumption of linearity.
Only for age was a transformation necessary; of several
possible scorings, the exponential gave the best fit. For
each variable in the final model the assumption of propor-
tional hazards was also tested by the goodness of fit test
proposed by Andersen (8), and in no case was the assump-
tion rejected.

Because 25 variables were significant by marginal anal-
ysis they had to be entered in the Cox analysis stepwise in

- three groups. Only those variables found to be sigrificant

at the 5% level were retained in the model at each step.
Thereafter it was checked that none of the eliminated
variables that had at somie stage been significant in the
model could not be reintroduced. This was performed by



1086 CHRISTENSEN ET AL.

backward elimination in a model that included such
variables together with those that had maintained their
significance. The final regression analysis and subsequent
calculations were based on 216 patients with complete
data.

The analysis revealed a number of prognostic variables
but no therapeutic variables except the treatment itself
{azathioprine or placebo), so the final Cox regression
model had the following form:

Alt) = Aolt) exp(bizy + --- + bz, + byzy).

where by, is the overall treatment effect coefficient and z,, is
the indicator for one of the treatment groups (i.e., z,, = 0
for azathioprine: z;. = 1 for placebo). This can be rewritten
to define a prognostic index (P1):

PI = log A(t)/Ao(t)] = byzy + --+ + byz, + byz.

Higher values of the PI mean higher risk, i.e., worse
prognosis (shorter survival), and lower (including nega-
tive) values mean better prognosis. To facilitate interpre-
tation, the PI and the estimated integrated underlying
hazard function Ay(t) can be combined into an estimate of
the survivorship function S{t, z) for patients with co-
variates z = (z; - - - z,,), namely, the estimate

8t z) = exp{|— exp(PU]Aq(t}}.

The Appendix describes the method for deriving 95%
confidence limits for the survival function.

After estimation of Ay(t) {see Appendix), a graph of the
estimated probability of surviving a given time, e.g., the
5-yr survival probability as a function of the PI, can be
constructed. The median survival time (the time span the
patient will survive with 50% probability), ahother mea-
sure of prognosis, can be estimated for a patient with given
variables as the shortest time for which the estimated
probability of surviving that long is <0.5. It is not possible
to estimate confidence limits for these functions as they
depend on the values of the individual variables z;.

The PI was validated on another group of patients, i.e.,
the control group of the controlled trial of penicillamine
versus placebo, which was started when inclusion of
patients into the present trial ended, and which was
conducted in the same way as this trial (4). The individual
survivorship functions for the new group of patients were
estimated as described above. Patients were divided into
three groups according to their PI values. The average
estimated survivorship functions in the three groups (see
Appendix) were compared with Kaplan—Meier plots of the
observed data, and in each group the difference was tested
using the one sample logrank test (9).

Results

Between October 1971 and Deceniber 1977,
248 patients were entered into the trial from seven
national centers. The distribuition of patients accord-
ing to treatment and center is shown in Table 1.
Table 2 shows that the two groups were broadly
similar at entry into the trial. Formal significance
testing was not carried out as this does not indicate
the clinical importance of any differences (10). It is
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of interest in view of the subsequent results that the
difference in bilirubin level between the azathio-
prine and the placebo groups was not statistically
significant.

Patients were followed up to March 1983. Of the
248 patients, 63 were lost to follow-up (29 in the
azathioprine group and 34 in the placebo group).
Twenty patients were withdrawn in the azathioprine
group for the following reasons: rash (6), nausea and
vomiting (6), marrow depression (2), liver transplant
(1), pregnancy (1), hair loss (1), immune complex
disease (1), cancer of the sigmoid (1), and myocardial
infarction (1). Ten patients in the placebo group
were withdrawn for the following reasons: rash (2),
nausea and vomiting (1), marrow depression (1),
headache (2), rash and arthralgia (1), steatorrhea (1),
and liver transplant (2). The number of dropouts and
withdrawals was not significantly different in the
two groups.

Clinically, azathioprine slowed down progressing
incapacitation as evidenced by a reduction in the
risk of developing an incapacitation index >25 [rel-
ative risk (azathioprine/placebo) = 0.63. p = 0.05].

As shown in Table 3, the causes of death were not
significantly different in the two groups. The actual
survival curves for the two groups are shown in
Figure 1. There was a tendency (p = 0.10) toward a
longer survival in the azathioprine group compared
with the placebo group.

The Cox multiple regression analysis revealed that
six variables, including the treatment (azathioprine
or placebo), had a significant independent prognos-
tic influence (Table 4). Thus high serum bilirubin,
older age, presence of cirrhosis, presence of central
cholestasis, and placebo therapy (all having positive
b coefficients) were associated with poor prognosis,
whereas high albumin (having a negative coefficient)
had a beneficial effect on prognosis. Of the prognos-
tic variables, the serum bilirubin was by far the most
important. The significant therapeutic effect in the
multivariate analysis is corrected for differences in
prognostic factors between the two treatment groups.

Table 1. Patients Included by Treatment and Center

Center Azathioprine Placebo Total®
London 70 71 141
Copenhagen 29 34 63
New York 7 6 13
Barcelona 8 3 11
Clichy 7 2 9
Leuven 6 2 8
Sidney 0 3 3
Total® 127 121 248

“ Total patients from the same center. * Total patients receiving the
same treatment.
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Table 2. Comparison of Treatment Groups at Start of

Trial
Azathio-
Variable prine Placebo
General
Mean age (yr) (range 25-78 yr) 54.7 54.9
Males go/o 12%
Duration of history <12 mo 74% 70%
Clinical
Pruritus 74% 73%
Jaundice 60% 56%
Pigmentation 53% 54%
Xanthomata 26% 26%
GI hemorrhage 18% 16%
Ascites 6% 9%
Incapacitation index
>10 35% 42%
>25 16% 18%
>50 2% 7%
Cholestyramine treatment 35% 29%
Diuretic treatment 10% 17%
Laboratory
Mean bilirubin (umol/L) (3—-20)° 37.2 30.9
Mean alkaline phosphatase (IU/L) 661 490
(30-85)°
Mean alanine aminotransferase 107 105
(IU/L) (7—40)°
Mean cholesterol (mmol/L) (3.0-8.3)° 7.94 7.94
Mean albumin (g/L) (35-50) 34.8 34.4
Mean [gG (g/L) (6~16)° 15.5 15.1
Mean IgA (g/L) (1.25—4.25) 2.98 2.55
Mean IgM (g/L) (0.5-2.0)° 3.01 2.88
Mitochondrial antibodies 93% 86%
Histologic
Stage I 14% 12%
Stage II 44% 43%
Stage III 15% 15%
Stage IV 27% 30%
Intralobular hepatitis 27% 34%
Intralobular inflammation 49% 37%
Granulomas 23% 22%
Bile duct destruction 30% 32%
Proliferation and destruction of 80% 80%
ductules
Piecemeal necrosis 66% 78%
Lymphoid follicles 36% 44%
Fibrosis without cirrhosis 62% 57%
Cirrhosis 27% 30%
Central cholestasis 18% 16%
Peripheral cholestasis 37% 40%

¢ Antilog of mean of logarithmic values. GI, gastrointestinal; Ig,
immunoglobulin.

Thus the slight imbalance, especially with respect to
bilirubin (the azathioprine group having a higher
bilirubin than the placebo group), explains why the
uncorrected treatment effect was not statistically
significant (Figure 1). After adjusting for imbalance
in prognostic variables using the Cox regression
model, a statistically significant beneficial effect of
azathioprine on survival was revealed (p = 0.01) as
seen in Figure 2. It should be noted that adjusting
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Table 3. Main Cause of Death

Cause Azathioprine Placebo
Liver failure (with or without 21 22
renal failurej
Liver failure and GI bleeding 16 19
GI bleeding 5 7
Malignancy 3 6
Hepatocellular carcinoma 1 1
Bronchogenic carcinoma 0 3
Cancer of the pancreas 0 1
Cancer of the stomach 1 0
Carcinoma of the 0 1
gallbladder
Peritoneal carcinosis 1 0
Infection 6 3
Septicemia 2 0
Bronchopneumonia 3 1
Pneumococcal meningitis 0 1
Miliary tuberculosis 0 1
Unspecified 1 0
Cardiovascular disease 4 2
Myocardial infarction 3 0
Cerebrovascular hemorrhage o] 1
Pulmonary embolus 1 0
Unspecified 0 1
Miscellaneous 1 2
Liver transplant 0 1
Esophageal perforation 0 1
Automobile accident 1 0
Unspecified 1 1
Total 57 62

Gl, gastrointestinal.

only for the imbalance in serum bilirubin made the
treatment effect highly significant. Adjusting also for
the other prognostic variables had little additional
effect as they were well balanced between the treat-

SURVIVAL
PROBABILITY

1.01q

.0

1 T T ¥ T I T T T 1
O 12 24 36 48 60 72 84 96 108 120
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AZA: 127 07 91 77 67 53 34 22 20 13 9 Noof
§ O Patients

PLAC: 121 101 83 68 54 34 20 12 6

Figure 1. Actual Kaplan-Meier survival curves for patients
treated with azathioprine (AZA) ( ) and placebo
(PLAC) (-} {p = 0.10).
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Table 4. Significant Prognostic Variables and Their Regression Coefficients in the Final Cox Regression Model

Regression
coefficient Standard error Normal deviate
Variable Scoring [SE(b)] [b/SE(b)] P
Serum bilirubin Log,, {value in umol/L) 2.51 0.32 7.94 <0.0001
Age Exp [(age in years —20)/10] 0.0069 0.0016 4.27 <0.0001
Cirrhosis Absent: 0 0.88 0.22 4.07 <0.0001
Present: 1
Serum albumin Value in g/L ~0.050 0.018 2.77 0.006
Central cholestasis Absent: 0 0.68 0.27 2.47 0.01
Present: 1
Therapy Azathioprine: 0 0.52 0.21 2.50 0.01
Placebo: 1

ment groups. The curves in Figure 2 are higher than
in Figure 1 because cirrhosis and central cholestasis
were set to zero.

Splenomegaly, ascites, pigmentation, and jaun-
dice tended to have a harmful prognostic influence
but not significantly so (p > 0.2) and, therefore, these
variables were not included in the final model pre-
sented in Table 4. The center where the patients had
been followed had no significant influence on the
model.

No variable had a statistically significant influence
on the treatment effect, that is, no therapeutic vari-
able was identified. Weak trends toward an in-
creased beneficial effect of azathioprine were ob-
served with low alanine aminotransferase, low
immunoglobulin M, high cholesterol, hepatomegaly,
and proliferation and destruction of ductules in the
liver biopsy specimen. It should be emphasized,
however, that these trends were far from statistical
significance (p > 0.2). Therefore none of these vari-
ables was included in the final model.

The prognostic variables presented in Table 4 can
be used to estimate prognosis from any given pa-
tient’s data at the time of diagnosis by calculating the
PL If, for example, a patient has the following vari-
ables: serum bilirubin 32 umol/L. (z; = log32 =
1.51), age 68 yr {z, = exp[(68 — 20)/10] = 121.5}, no
cirrhosis (z; = 0), serum albumin 32 g/L (z, = 32), no
central cholestasis (zs = 0), and is treated with
azathioprine (z,, = 0), then

PI = 2.51 x 1.51 + 0.0069 X 121.5 + 0.88 X 0

—0.05%X32 + 068 X0+ 052X0=3.0.

The distribution of the PI in our patients is shown in
Figure 3.

Using Figure 4 it is possible to derive from the
value of the PI for a given patient the estimated
probability of surviving 2, 5, or 8 yr. Figure 5 shows
the estimated median survival time for any value of
the PI. No estimates can be made beyond the time of

the last death (99 mo). For the example presented
above, the estimated probabilities of surviving 2, 5,
and 8 yr are 91%, 65%, and 28%, respectively (Figure
4). The estimated median survival time is 80 mo
(Figure 5). If such a patient had been allocated to
placebo, the PI would have been increased by 0.52
(byzy = 0.52 X 1} to 3.52. Using Figures 4 and 5 the
estimated 5-yr survival probability would have been
50% and the estimated median survival time ~60
mo. Thus the estimated gain in survival time of
giving this patient azathioprine would be ~20 mo.
The estimated survival curve for this patient, who
in fact had the median PI in this study, is shown in
the middle of Figure 6 together with 95% confidence
limits. The estimated median survival time and its
959, confidence limits can be read as the times for
which the confidence interval for the survival func-
tion covers 0.5. In the same figure the estimated

SURVIVAL
PROBABILITY

1.0~
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0 12 24 36 48 60 72 84 96 108 120
TIME (Months)

64 55 44 30 19 17 13

89 47 30 18 15 4

AZA: 112 92 76
PLAC: 104 84 71

9 No.of
0 Patients

Figure 2. Estimated survival functions for patients treated with
azathioprine (AZA) (——) and placebo (PLAC) (-----)
based on the final Cox regression model with cirrhosis
and central cholestasis absent and mean values of the
other variables (p = 0.01).



November 1985

50 4

4@

30

29 A

NUMBER OF PATIENTS

-1 %] 1 2 3 4 S 6 7 8
PROGNOSTIC INDEX

Figure 3. Distribution of the prognostic index for 216 patients
with complete data.

survival curves for patients at the 10th and 90th
percentile of the distribution of the PI are shown.

The final model was validated as described in
Patients and Methods using data from a further
group of 85 placebo-treated patients (4). Figure 7
shows the observed and expected survival functions
for the new group. The difference was not statisti-
cally significant (p = 0.4).

Discussion

This trial has demonstrated a statistically sig-
nificant beneficial effect of azathioprine on survival
in patients with PBC. This is in contrast with the
controlled trial at the Royal Free Hospital (1) and the
early report of this trial (2), which did not find any
statistically significant beneficial effect of the drug.
However, the chance of not finding a substantial
beneficial effect (the type II error) was considerable

ESTIMATED PROBABILITY OF SURVIVING X YEARS

-1 %] 1 2 3 4 S 6 7 8 8
PROGNOSTIC INDEX

Figure 4. Estimated probability of surviving 2, 5, and 8 yr by the
prognostic index.
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Figure 5. Estimated median survival time by the prognostic
index.

(a) because of the small sample size (45 patients) in
the first case (1) and (b) because of a follow-up of
limited duration in the other (2).

Even with longer follow-up the actual survival
curves of the present study revealed only a tendency
toward a beneficial effect of azathioprine (Figure 1).

The purpose of randomization is to obtain compa-
rable treatment groups, but random allocation does
not guarantee complete balance. Random imbalance
may occur. For this reason several writers have
suggested that imbalance in known or suspected
prognostic variables, implying a difference in “spon-
taneous” prognosis between the treatment groups,
should be detected and adjusted for to ensure a fair
comparison between the treatments (11-14). For this
purpose we performed the multivariate Cox regres-
sion analysis, which revealed that five variables had
significant independent prognostic influence. Of
these, serum bilirubin has long been recognized as a

PI=1.25

SURVIVAL PROBABILITY

PI=300

A
s,

N PISIO .
36 48 6@ 72 B84 96 108
TIME CMONTHS)

e 12 24

Figure 6. Estimated survival functions with 95% confidence lim-
its for 3 patients at the 10th, 50th, and 90th percentiles
of the distribution of the prognostic index (PI) (PI =
1.25, 3.00, and 5.10, respectively).
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very important prognostic variable in PBC (15-19).
Bilirubin was not well balanced between the treat-
ment groups, the level being slightly but not signif-
icantly higher in the azathioprine than in the pla-
cebo group, implying a slightly poorer spontaneous
prognosis in the azathioprine group than in the
placebo group. By adjusting for imbalance in all five
prognostic variables (or for imbalance in bilirubin
alone), a statistically significant beneficial effect of
azathioprine was revealed (Figure 2). The imbalance
obscured the beneficial effect of azathioprine in the
simple survival analysis. The reason why the rather
small imbalance could have such a marked effect is
that the prognostic influence of bilirubin is very
strong. The multivariate analysis excluded 32 pa-
tients with incomplete data. This cannot, however,
explain the difference in the estimated effect of
therapy with and without adjustment, as the unad-
justed comparison of survival in the two therapy
groups for only those 216 patients with full data was
smaller and less significant. The treatment effect
observed in this trial is not very big. Azathioprine,
however, reduces the risk of dying (the hazard) to
59% of that observed during placebo treatment
fexp(—0.52) = 0.59], with the 95% confidence inter-
val being 40%—-90%. For the average patient the gain
in survival time was estimated to be 20 mo. In
addition, progressing clinical incapacitation seems
to be slowed down by the treatment.

We did not identify any variable as having an
influence on the magnitude of the therapeutic effect,
so that the relative benefit of azathioprine treatment
appears to be the same for any patient. The differ-
ence in median estimated survival times and hence
the gain obtained by active treatment in terms of
added survival time, however, is greater in absolute
numbers for patients with a relatively good progno-
sis than for patients with a poorer prognosis.

In addition to serum bilirubin, the Cox regression
analysis revealed four other independent prognostic
variables. Age has previously been found to be an
important prognostic variable in PBC (18,19). This
study showed that the risk increases markedly with
increasing age, especially over 60 yr, and we found
that the exponential scoring of age fit best in the
model.

Cirrhosis also had an independent prognostic in-
fluence, in contrast to the earlier histologic stages,
confirming the previous finding that patients in stage
1, 2, and 3 have a similar prognosis (18). A decreased
serum albumin reflects advanced chronic liver dis-
ease of almost any etiology. We found serum albu-
min to be an independent prognostic factor in PBC in
contrast with Roll et al. (19), who found albumin to
be significant only in a marginal analysis. Central
cholestasis implies a poor prognosis and probably

GASTROENTEROLOGY Vol. 89, No. 5
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Figure 7. Observed (——) and estimated (-----) survival functions
of three groups of placebo-treated patients from a con-
trolled trial of p-penicillamine (Reference 4): group 1:
PI<25 n=44,0=2,E=0.9; group 2: 25 < PI <
3.75,n=22,0=5,E=27;,group 3: PI > 3.75,n = 19,
0O =9,E = 9.0. O and E are the observed and expected
numbers dying in each group (¥*; = 3.2, p = 04)
(Reference 9).

reflects an additional aspect of cholestasis that is not
reflected in the serum bilirubin level.

In agreement with Lee et al. (20), we found that the
presence of granulomas had a significant association
with a good prognosis in the total group of patients
by marginal analysis. The association was weak,
however, and in the multivariate analysis granulo-
mas were replaced by the more powerful prognostic
variables included in the final model.

The multivariate analysis provided the basis for
the PI by which the characteristics of a patient can be
used to estimate his or her prognosis. The index is
relatively simple and can easily be calculated on a
pocket calculator. The interpretation of the index is
facilitated by the graphs showing the estimated 2-,
5-, and 8-yr survival probabilities and the estimated
median survival time as a function of the PI (Figures
4 and 5). The PI can be estimated for each of the
therapeutic alternatives and thus the gain in terms of
time added to the median survival time to be ex-
pected by administering azathioprine can be found.

The validation of the final model using an inde-
pendent set of data is based on relatively few pa-
tients of whom only 16 died [because of shorter
follow-up time (4)]. Because of the way the regres-
sion model was derived, one would expect the
difference in observed survival between the high and
low PI groups to be slightly less than predicted
through a form of regression to the mean (21). The
results suggest that the effect, if present, is small
(Figure 7), and that the PI derived from the azathio-
prine trial does give valid information about the
prognosis of new patients.

Although the demonstrated beneficial effect of
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azathioprine on survival is not dramatic, the drug
must be considered an advance in therapy especially
when the alternatives, including penicillamine, are
considered. The therapeutic effect of penicillamine
varies somewhat in different trials (4) but may be less
than that of azathioprine. The number of side effects
of azathioprine is relatively small; the drug was well
tolerated in most of our patients. This is in marked
contrast to penicillamine, where a larger proportion
of the patients experienced side effects necessitating
withdrawal from treatment (4). Thus, until even
better treatments can be found, azathioprine may be
regarded as one of the best available medical treat-
ments for PBC. Estimation of the prognosis using the
PI may be of value for optimal timing of potentially
hazardous treatments such as liver transplantation
(22,23).

Appendix

The cumulative underlying hazard function Ay(t)
was estimated as a step function as suggested by Breslow
(24). Tsiatis (25) derived the standard error of this estimate
and also of A(t, zg) = Ao(t) exp(bTz,), where 2, is any vector
of covariates. He showed that the standard error of the
estimated survival function may be estimated from

SE [8(t, zo)] = S(t. zo) X SE[A[t. zo)].

This estimate, however, may lead to confidence limits
falling outside the range (0,1). This can be avoided by
constructing confidence limits for logAg(t), which is un-
bounded, and back-transforming these limits. Using the
same principle as Tsiatis [see Rao (26)] but transforming in
the other direction we have

SE[logA(t, zo)] = SE[A(t, zg)l//Al(t. Zy) = s,

and pointwise 95% confidence limits for the log cumula-
tive hazard function can be estimated as log [A{t,zy)] =
1.96 X s;,. Thus 95% confidence limits for S(t,z) can be
estimated as

exp{—exp[logA(t, zo) *+ 1.96 X s.]}.

These limits are asymmetric and constrained to lie within
(0,1).

A similar approach was adopted for the validation of the
PI using new data. The expected survival function for a
new group of patients was calculated by first averaging the
individual estimated log cumulative hazard functions and
then back-transforming. This is equivalent, however, to
estimating the survival function for the average value of
the PI in that group of patients.
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