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Updating Prognosis in Primary Biliary Cirrhosis Using a Time-
Dependent Cox Regression Model
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Back{round; The precision of current prognostic mod-
els in primary biliary cirrhosis (PBC) is rather low, partly
because they are based on data from just one time
during the course of the disease. The aim of this study
was to desi§n a new, more precise prosnostic model
by incorporating follow-up data in the development of
the model. Methods: We have performed Cox regres-
sion analyses with time-dependent variables in 237
PBC patients followed up regularly for up to 11 years.
The validity of the obtained models was tested by
comparingpredicted and observed survivalin 147 inde-
pendent PBC patients followed for up to 6 years.
Results; ln the obtained model the followins time-de-
pendent variables independently indicated a poor
proSnosis: high bilirubin, low albumin, ascites, gastroin-
testinalbleeding, and old age. When includinghistologi-
cal variables, cirrhosis, central cholestasis, and low
immunoglobulin (l§)M also indicated a poor prognosis.
The survival predicted by the models agreed wellwith
the survival observed in the independent PBC patients.
The time-dependent models predicted better than our
previously published time-fixed model. Conclusions:
Using the time-dependent Cox models, one can esti-
mate a more precise probability of surviving the next 1,
3, or 6 months for any given patient at any time durin§
the course of the disease. This may improve monitor-
ing of PBc patients.

fn primary biliary cirrhosis (PBC), several prognostic
Imodels have been developed using Cox regression
analysis.l-s They are all so-called time-fixed models
developed from the relation between survival and pa-
tient characteristics at just one fixed time during the
course of the disease (usually the time of diagnosis or
the time of inclusion in a controlled clinical trial).
Although application of the time-fixed Cox models in
new patients has shovrn reasonable agreement between
predicted and observed survival for groups ofpatients
having a good, intermediate, or poor prognosis,2-3 the

prognostic estimates for individual patients are not
very precise.2-3's-6 Furthermore, because the time-fixed

models are not based on follow-up data, it is not ap-
propriate to use such models on follow-up data to ob-
tain an updated prognosis, although they may be mis-
used for that purpose.

We have previously published a time-dependent
prognostic modelT for patients affected by cirrhosis of
mixed etiology (alcoholic, posthepatitic, and crypto-
genic). The time-dependent model uses the follow-up
data to estimate the effect of the evolution of the vari-
ables over time. Therefore, it can provide updated
short-term prognostic estimates during the course of
the disease. This can improve follow-up monitoring of
patients by translating a changed condition into a

changed prognosis and provide a better basis for deci-
sions about changes in therapy including liver trans-
plantation, which is particulady relevant for patients
with PBC because current medical therapys-1o cannot
stop progression of the disease or the occurrence of
complications. To improve our understanding of the
development of the disease and thus the timing of
transplantation,6'11 better prognostic models adapted
to the follow-up situation become important.

This paper presents a time-dependent Cox model
developed from the data of patients with PBC in a

large controlled clinical trial of azathiopine vs. pla-
cebo2 and tested on independent patients from another
similar controlled clinical trial of d-penicillamine vs.

placebo.l2

Patients and Dlethods
Mode! Data

The data of 248 patients with PBC included in a

previously published randomized clinical trial (PBCI Trial)
of azathioprine (1 mg/kgbody wQ vs. placebo (respectively

727 rnd 121 patients) have been used in this study.2 The

Abbreviatlons used rn this paper: Pl(t), tlme-dependent prognostlc
lntlex; PBC, primary blllary cirrhosis.
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patients were assessed clinically and biochemically at the

ii-. of admission to the trial and every 6 months thereaf-

ter.2 The total number of sets of clinical and biochemical

recordings was 1590. For the key variables, the percentage

of missing data §/as as follows: bilirubin, 5'0%; albumin,

7.40/o; rge,0Vo; immunoglobulin (Ig) M, 18%o; ascites, 5'6%;

and gastrointestinal bleeding, 5-5o/o. Liver biopsy was Per-

fo.-id before entry into the trial and thereafter at yexly

intervals.2 The total number of sets of biopsy data was 706'

For the key variables, the percentage of missing data was as

follows: cirrhosis, 4.2o/o; centrul cholestasis, 4'2o/o' The pa-

tients were followed for uP to 11 years (median 2'9 yeats for

those who died and 4.6 yeats for those censored)' During

Their deaths are included as endpoints and regarded as he-

patic deaths. The above e

previously published2 be e

now been included. Th e

been published previously.2

Test Data

The independent data for testing the predictive

power of the developed time-dependent Cox model were

obtained from 189 patients with PBC followed up for up to

6 years (median 2.2yeats for those who died and 3'6 years

for those censored) and included a randomized clinical trial
(PBC2 trial) of o-penicillamine, 1200 mg daily, vs' placebo

in 98 and 91 patients, resp€ctively.12 This trial showed no

significant effect of d-penicillamine.r2 The PBC2 trial was

conducted in the same manner as the PBC1 trial with the

same follow-up scheme. During the follow-up, 67 patients

died (32 in the d-penicillamine group and 35 in the placebo

group). The cumulative survival curves have been published

previously.t2

Statistical AnalYsis

The association between Patient data (admission and

follow-up data) and death risk (hazard) was analyzed using

the Cox model for time-dependent variablesl3:

PIG) : b,z,(t) *''' + bqzq(t) (Equation 1)'

The model states that at a given time I the Prognostic index

(P/(r)) of a patient with the q variables 4Q) to zr(t) * thzt
time is a function of these variables weighted by the corre-

sponding regression coefficients b, to bo. The time-depen-

dent model uses the current value ofeach variable. Because

each variable canva;ry over time, the death risk estimated by

the model varies accordingly. If, for example, a Patient de-

velops gastrointestinal bleeding, the risk is Iikely to increase;

if the bleeding can be effectively treated, the risk is likely to

decrease again. The analysis requires that values for all vari-

GASTROENTEROLOGY Vol. 1O5, No.6

ables are defined for each Patient over his complete follow-

up time. \We have assumed that the values observed on a

patie.rt at a given time remain unchanged until the next

observation because this corresponds to the clinical situa-

t10n.

Probability of Survivin§ a Given Time

The PI(t) can be estimated repeatedly and used to

assess prognosis during the course of the disease in a given

patieni. Aithough the future development in the variables of

a patient is not known in advance, one can nevertheless use

thleir current value at time t to comPute a heuristic probabil-

ity of surviving the following time interval h as

P(t, t -l h) : .*p(-Io'h'exp[Pl(t)]) (Equation 2)

provided that / is short relatively to the course of the disease

^"a 4, the estimated baseline hazard rate, is constantT'1lr4

(see appendix for details). It is reasonable to assume that

prog.rostic variables do not change greatly over a 6-month

p.rLa. Therefore we have used equatiot 2 for h up to 6

months, but not beyond, to assess the properties of the time-

dependent model.

Derivation of Time-Dependent Cox Model

Variables included in the previously published time-

fixed Cox regression model for the PBC1 data (bilirubin,

age, albumin, cirrhosis, central cholestasis, andthetapy faza-

thioprine or placebo]) were considered, together with other

variables that, in univariate analyses, had been shown to

have the following Prognostic information: iaundice, pruri-

tus, gastrointestinal hemorrhage, cholestyramine treatment,

diuretic treatment, pigmentation, ascites, alkaline phospha-

tase, alanine aminotransferase, cholesterol, IgA, IgG, IgM,

bile ducts Present, granulomas, bile duct destruction, duc-

tules, necrosis, fibrosis, and peripheral cholestasis' Univari-

ate time-dependent Cox analyses were performed for each of
these variables.

AII variables were then taken as candidates in multiple

time-dependent Cox regression analyses to derive predictive

models. Stepwise selection was used with P < 0'05 being the

significance level for a variable to be included in the model'

The same set of variables was selected whether forward se-

Iection or backward elimination proceduresls were used' In-

teractions between treatment (azathioprine or placebo) and

other variables were investigated in the same manner as

described previously.lGlT The scoring of the variables 'was

adapted to fulfill model assumptions.rs

§7e fitted two models to the data, one including clinical

and biochemical variables (A) and the other also including

biopsy variables (B). In addition, we performed the analyses

considering all deaths as events (I) or considering only

deaths from hepatic cause (liver failure, gastrointestinal

bleeding, or both and hepatoma) as events while deaths

from other causes were censored (II). The latter set of analy-

ses was performed to make the model more clinically rele-
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vant to the transplantation situation, because liver trans-
plantation can only be justified to prevent death from liver
disease. Thus four models corresponding to all combina-
tions of the above criteria (A-I, A-II, B-I and B-II) were
fitted.

Validation of Modet

The goodness of fit of the time-dependent Cox
model to the data was assessed by a number of methods
described in the Appendix. The model's predicrive power
was tested in 147 independent PBC parients (with complete
data) who were included in the randomized clinical trial of
o-penicillamine vs. placebo (PBC2)12 (see Appendix).

Furthermore, the heuristic predictions derived from the
timedependent model vere compared with those of our
previously developed time-fixed model2 (see Åppendix).

Results
Univariate Time-Dependent Analyses

Each of the following time-varying variables
had significant association (i.e., P < 0.05) with shorter
survival in univariate time-dependent analysis: high
current age, ascites, high bilirubin, low albumin, jaun-
dice, treatment with diuretics, gastrointestinal bleed-
ing, pigmentation, high alanine aminotransferase,
high IgA, central cholestasis, cirrhosis, peripheral cho-
lestasis, no (noncirrhotic) fibrosis, no granulomas, no
ductules.

Model Based on Clinica! and Biochemical
Variables

The final time-dependent Cox model based on
clinical and biochemical variables only is shown in
Table 1. It is based on 237 patients on whom entry
values of the variables in the model were available, and
it shows that high serum bilirubin, ascites, low serum
albumin, old age, and gastrointestinal bleeding were

UPDATING PROGNOSIS IN PRIMARY BILIARY CIRRHOSIS T867

each associated with a poor prognosis. The same vari-
ables were selected when only the hepatic deaths (A-
II) were taken as end-points. The regression coeffi-
cients for bilirubin, ascites, and gastrointestinal
bleeding were somewhat bigger than in the model with
all deaths as end-points (A-I), although the differences
were rather small. Closest to significance for inclusion
into either model was alanine aminotransferase (P :
0.05 and P : 0.06, respectively).

Mode! Based on Clinical, Biochemical, and
Histolosical Variables

The final time-dependent Cox model selected
from the full set of variables (including histology) is
shown in Table 2. The estimates were based on 191

patients on whom entry values of all variables in the
model were available. The variables selected included
all those in the previous model with the addition of
low IgM, cirrhosis, and central cholestasis. When only
hepatic deaths were considered as end-points, the same
variables were again selected, although the regression
coefHcients for bilirubin, ascites, and gastrointestinal
bleeding were slightly bigger. The coefficients for the
other variables were neady the same in the two mod-
els. No other variable was close to inclusion in these
models.

Effect of Azathioprine

In the time-dependent models (Tables 1 and 2)
the time-fixed variable treatment (azathiopine or pla-
cebo) was not significant. Separate graphs of the data
for the patients in the two treatment groups suggested
a noticeable influence of therapy on bilirubin a.nd al-
bumin (Figures 1 and 2). For bilirubin, the initial drop
(regression toward the mean) was greater and the sub-

Table 1' Final Time-Dependent cox Regression Model lncluding only clinical and Biochemical Variables in 237 patients with
PBC

Model A-l (all deaths)' lvlodel A-ll (hepatic deaths)b

Variable Scoring
Regression
coefficient

Regression
coefficient SE

Serum bilirubin
Ascites

Serum albumin
Age
Gastrointestinal bleeding

loglo (value in pmot/L) - 1.53
Absent: 0
Present: I
Value in g/L - 34.3
Years - 55
Absent: 0
Present: I

2.53
1.39

0.085
0.040
0.65

0.26
o.21

0.019
0.01I
o.21

<0.001
<0.001

<0.001
<0.001

0.001

3.02
1.43

-o.o77
0.043
o.74

0.31 <0.001
o.24 <0.001

o.o2t <0.001
0.012 <0.001
o.24 0.002

"No. of deaths - 1 16.
bNo. of deaths : 94.
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Table 2. Final Time-Dependent Cox Regression Model lncluding Clinical, Biochemical, and Liver Biopsy Variables in 191

Patients With PBC

Model B-l (all deaths)u Model B-ll (hepatic deaths)D

Variable Scoring
Regression
coefficient SESE

Regression
coefficient

Serum bilirubin

Central cholestasis

Ascites

Cinhosis

Gastrointestinal bleeding

Serum albumin
Serum lgM
Age

logro (value in pmol/L) - 1.53
Absent: 0
Present: I
Absent: 0
Present: I
Absent: 0
Present: 1

Absent: 0
Present: 1

Value in g/L - 34.3
loglo (value in g/L) - O.47
Years - 55

0.39 <0.001
o.29 <0.001

o.29 <0.001

0.26 <0.001

o.29 <0.001

o.o24 0.01
0.39 0.o3
o.or4 0.06

2.26
1.22

l. t8

0.87

o.95

-0.070
-0.90

o.o27

o.32
o.25

0.25

o.23

o.25

o.o22
0.33
0.012

<0.001
<0.ool

<0.0o1

<0.ool

<0.ool

0.ool
0.006
o.o2

2.79
r.29

1.30

0.88

r.l0

-0.062
-0.85

0.026

aNo. of deaths = 96.
DNo. of deaths = 77.

sequent r^te of increase less marked for the 
^z^thio-

prine group (Figure 18) than for placebo treated pa-

tients (Figure 14) when overlaPPing groups with
complete data in each time span were considered.lT-18

For albumin, the levels in the placebo grouP were,

despite some short-term fluctuation, relatively con-
stant over time (Figure 2A) whereas marked initial
increases followed by slight long-term decreases were

seen during az thiop:-ine treatment (Figure 2B).

Separate models designed to study interactions be-

tween therapy and all the variables included in the

model showed that the favorable prognostic influence
of a high albumin tended to be more marked in the
azathioprine group, whereas the harmful prognostic

infuence of old age tended to be more marked in the

control group. However, neither of these interactions

was statistically significant. Therefore, theraPy was not
included in the final model.

Time-DePendent Pro§nostic lndex

The information in Tables 1 and 2 can be used

to calculate time-dependent Prognostic indices for pa-

tients whose d^ta 
^re 

updated during their follow-up.
If, for example, at a given time a patient has the

following variables: bilirubin 45 ltmol/L, ascites, al-

bumin 30 g/L, age 48 years, and gastrointestinal
bleeding, PI(t) based on model A-I (Table 1) is calcu-

lated as the sum of regression coefficients each multi-

B
40
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40

630e
=_
c

-d
o= 20
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A PLACEBo GRoUP AZATHIOPHINE GBOUP

Figure 1. Course of serum bilirubin in overlapping groups of patients with complete data in each period of observation. Geometric means in

pmol/L are presented separately for placebo- (A) and azathioprine-treated (B) groups. The number of patients contributing to the curves are as

follows:(A) 6months,98;18months,75;30months,67; 42months,5l;54months,42; 66months,28; andTSmonths, l7; (B) 6months,

102; 18 months, 95; 30 months,79;42 months, 64; 54 months, 56; 66 months, 44; 78 months, 28. Six months, -----; l8 months, - - -; 3O

months, - - -i 42 months, -----;54 months, - --- -i 66 months, - ---- -; 78 months' 
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A PLACEBO GROUP B AZATHIOPHINE GPOUP

Figure 2. Course of serum albumin in overlapping groups of patients with complete data in each period of observation. Arithmetic means in

grams per liter are presented separately for placebo (A) and azathioprine (B) groups. The number of patients contributing to the curves are as

follows: (A) 6 months,97; 18 months, 74; 30 months, 66;42 months, 5O; 54 months,4l; 66 months,27;78 months, 16; (8) 6 months, 100; l8
months, 93; 30 months,TTt 42 months, 64; 54 months, 54; 66 months, 43; 78 months, 28. Six months, -----; l8 months, - - -; 30 months,

42 months, -----;54 months, - --- -;66 months, - ---- -;78 months, 

-.

plied by the scoring of the corresponding variable in
this way: PIG) : 2.53 x (log,o[45] - 1.53) + 1.39 X 1

- 0.08s x (30 - 34.3) +0.040 x (48 - 5s) + 0.6s x 1

: 2.s3X0.123 + 1.39 X 1 - 0.085 X (-4.3) + 0.040
X(-7)+0.65X7:2.44.

Transformation of Pl(t) to Surviva!
Probability

From a given value of PI(t), the survival proba-
bility can be obtained using equation 2 in Patients and

Methods. The \ value to be used is given in the Ap-
pendix (Figure 4) for each of the four models. For
example, for model A-I, for which I, : O.O:S years-1,

the probability of surviving the next 6 months (), : 0.5

years) given the above PI(t) of 2.44 car. be estimated as

exp(-0.035 X 0.5 X expl2.44l): exp(-0.035 X 0.5 X
11.47) : 0.82 or 820/0.

Figure 3 shows the estimated probability of surviv-
ing the next 1, 3, and 6 months as a function of the
time-dependent prognostic index PI(t) for each of the
4 models presented. For the example presented above

(with PI(t) : 2.44), the probability of surviving the
following 1.,3, and 6 months can be read as 970/0,91o/o,

atd 820/0, respectively (Figure 3 tA-I]).
Table 3 shows more examples of prognostic indices

for different patients and the corresponding 6-month
survival probabilities predicted for each of the four
presented models. There seems to be a reasonable

agreement between the 6-month survival probability
estimated by the four models, although slightly higher
survival probabilities are obtained from models using

only hepatic deaths as events as would be expected.

Calculation of PI(t) can be simplified using the

pocket charts shown in the Appendix.

Confidence Limits of Survival Probabilities

Approximate confidence limits of estimated sur-

vival probabilities2'le can be calculated assuming un-

changed variables and death risk for the period con-

cerned (e.g., over 6 months). For example, for patient
3 in Table 3 having an estimated 6-month survival
probability of 81.8%o (model A-I), the 95% confidence

interval would be 71..20/v92.5o/o. For Patient 2 in the
same table, who has an estimated 6-month survival
probability of 98.7o/o, the corresponding 95o/o confi'
dence interval would be 98.0o/o-99.4o/0. As for the

time-fixed Cox model,2 the confidence interval is wid-
est for survival probabilities in the middle range

(around 50%).

Validation of Model

As described in the Appendix, the goodness of
fit of the time-dependent Cox model to the data was

confirmed by a number of methods. In independent

PBC patients, the observed survival was found to agree

well with the survival predicted by the model (see Ap-
pendix).

When the predictions of the time-dependent model

were compared with those of our previously developed
time-fixed model,2 we found that the time-dependent
predictions were markedly better (see Appendix).

Discussion
Even though the course of PBC is one of pro-

gression, short-term fluctuations occur. Following

tlme (yeans) time (years)
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diagnosis, which tends to be made during an exacerba-
tion for which the patients seek medical assistance,
slight improvement (regression toward the meanl8)
may occur, even in placebo treated patients, as shown
in Figures 7A and 2A. This means that later "steady
state" values (e.g., after some months) may better re-
fect the degree of permanent liver damage than the
initial values. However, the previously published
time-fixed modelsl-s arc all based on the relation be-
tween the initial (more abnormal) status and the sub-
sequent survival. Therefore, if time-fixed models are
applied to follow-up data, they may tend to overesti-
mate survival. (In the development of the model, the
observed survival is being related to a "too abnormal"
status. Therefore, from a less abnormal follow-up sta-
tus the model will predict a better survival than that
observed.)

The present analysis shows (Table 4) that our previ-
ously published time-fixed model2 tends to overesti-
mate survival (or underestimate death risk) when ap-
plied to follow-up data. A similar overestimation of
survival has been observed for the time-fixed Mayo
model when used on follow-up data.2o This implies

GASTROENTEROLOGY Vol. 105, No. 6
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Figure 3. Probability of surviving 1, 3, and 6 months as a function of the Pl(t) for models excluding biopsy variables (A-l [all deaths treated as
eventsl, A-ll [only hepatic deaths treated as events]) and models including biopsy variables (B-l [all deaths treated as events], B-ll [only hepatic
deaths treated as eventsl).

that time-fixed models are not well suited for updating
of prognosis from follow-up data; they are not de-
signed for that purpose.

Although some developments have taken place in
medical thetapy,t-'o progress has been very limited and
no known medical therapy can stop either progression
of the disease or the occurrence of complications and
the need for transplantation. Therefore, we think that
our data contain information of current value.

Previously, we reported that azathioprine has a

small but significantly beneficial effect on survival and
incapacitation of patients with PBC.2 The more de-
tailed analysis performed in this study shows that the
beneficial effect of azathioprine is apparent also on the
course of bilirubin and albumin, especially just after
the start of treatment. It seems that azathioprine treat-
ment was not significant in the time-dependent
models because the treatment effect is carried by the
time-dependent prognostic variables in the model, es-

pecially bilirubin, so that therapy becomes redundant
in the model.

Because follow-up data contribute in a time-depen-
dent Cox model, it may be expected to describe more

PHOGNOSTIC INOEX (PI(t)) PBOGNOSTIC INDEX (PI(t))



December 1993 UPDATING PROGNOSIS IN PRIMARY BILIARY CIRRHOSIS 1871

Table 3. Example of Calculation of Time-Dependent Prognostic lndices for Three Patients With Good, Medium, and Poor

Prognosis

Variable
Patient 1 (good prognosis;

1oth percentile of Pl)

Patient 2 (medium prognosis;
median Pl)

Patient 3 (poorer prognosis;

90th percentile of Pl)

Bilirubin (pmol/L\
Central cholestasis
Ascites
Cinhosis
Gastrointestonal bleecling
Albumin (g/L)
tcM (g/L)
Age (yr)
Models excluding biopsy variables

Plo,,

PA_, (6 mo)
Plo,u

PA_il (6 mo)
Models including biopsy variables

Pl"-'

P"_, (6 mo)
Pl"-u

P"_,, (6 mo)

ll
No
No
No
No

45
3.0

63

- 1.83
99.7o/o

1.96
99.9o/o

-1.64
99.8%

-t.42
99.9olo

-o.29
98.7Y"

-o.22
99.2o/o

0.51
98.7o/o

0.58
99.2Yo

45
No
Yes
YeS

YeS

30
4.0

4a

2.44
81.8%

2.57
87.2"/"

3.27
82.O"/"

3.60
84.8o/o

35
No
No
Yes
No

40
3.8

59

precisely the effect of the prognostic variables, pro-
vided the model assumptions can be considered ful-
filled.

\We present tv/o sets of models, one based on clinical
and biochemical variables and the other also including
histological variables. Because liver biopsies are not
often performed during follow-up, the former models
are more relevant in the clinical follow-up situation
than the latter.

Most of the variables included in the models corre-
spond to those included in the published time-fixed
models.l-s Serum bilirubin and age have been found to
be important prognostic in all the time-fixed mod-
els.1-s Serum bilirubin is also by far the most important
prognostic variable in the time-dependent models. In
addition, the following included time-dependent vari-
ables have also been included in time-fixed models:
albumin,2-3's ascites,Ls gastrointestinal bleeding,a cir-
rhosis,l-2's and central cholestasis.2,a The only new
prognostic variable identified in the time-dependent
analysis was IgM, low values being associated with a

poor prognosis. The biological significance of this is

uncertain, but it may refect a more severe immune
disturbance and proneness to infection in some pa-
tients.21 Even though IgM was not significant in the
univariate analysis, it was highly significant in the
multivariate analysis. Nevertheless, §/e cannot rule out
completely that it is a false-positive finding. Unlike in
our time-fixed model,2 a linear scoring of age was ade-

quate in the time-dependent models.
The prognostic precision of time-fixed models is not

very high.2-3's-6 Besides not making use of the follow-

up information, a possible cause for this prognostic
imprecision may be that all deaths irrespective of the
cause have been considered endpoints in those ar.aly-
ses. This may not be reasonable because deaths from
nonhepatic causes may not be associated with the se-

verity of PBC. To study the effect of the nonhepatic
deaths, time-dependent models were developed with
nonhepatic deaths being either included as endpoints
(models A-I and B-I) or censored (models A-II and

B-II). The effect of censoring the nonhepatic deaths

turned out to be surprisingly small because the differ-
ences between the models with or without hepatic
deaths as end-points were quite small (Tables L and2).

The final models were validated by a number of
methods as described in the Appendix. Despite the fact
that the assumption of variables being constant be-

tween recordings may not be entirely correct (in fact,
we found a slight increase in the ayerage PI(t) over
time, implying that the risk may be slightly underesti-
mated by the model) the fit of the model to the data

was satisfactory in all cases. Furthermore, as expected,

the time-dependent model gave more accurate short-
term prediction than the previously published time-
fixed model.2

The time-dependent prognostic indices based on the
models are easily calculated (and they can be obtained
even more simply using the pocket charts in the Ap-
pendix). The analysis showed th^t a given value of
PI(t) has the same prognostic significance whether
early or late in the course of the disease. Thus the
varying risk can be described just by the varying levels

of the prognostic variables. A prognostic index can be
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based on a fuller use of the data, they should be pre-

ferred to the time-fixed models when the aim is to

monitor a PBC patient during follow-up' Here they

or less. This is in accordance with recent recommenda-

tions based on the Mayo model'l1 However, to define

more precisely the optimal use of the time-dependent

-od.ifo. timing of liver transplantation, further eval-

objective contribution.

APPendix
Statistical Methods

and zmo for binary variables).

For all four models, Figure 4 shows the cumulative base-

Iine hazard function Ao it;, being the integral of the baseline

hazardfunction \(t) over the time interval from zero to t'

Because this function turned out to be linear in all four

models apart from the last 2 yearc, where the uncertainty of

the estimated curves is great because of the few patients at

risk at that time, the underlyinghazard function may be

considered constant (independent of time t) for the first 6

years. This means that, for a given value of PI(Q' the prog-

nostic information for a subsequent short time period is the

same whether early or late in the course of the disease' at

Ieast within the first 6 years' The underlying hazards were

estimated by simple linear regression over that Period for

each specification of the time-dependent model' The values

obtained (Figure 4) are not directly comparable because they

refer to diffblent specifications ofthe prognostic index PI(t)'

Statistical Programs

The statistical analyses were performed using (1) the

BMDP 2L program,2s with the suPPort of a purposely writ-

ten Fortran sub.ootine and (2) the time-varying option for

the Cox regression analysis in the statistical package

STATA.2e Th. t*o procedures led to identical results' The

underlying htzard. function was obtained from a modified

version oi the program by Kalbfeisch and Prentice'r

Assessment of Model Goodness of Fit

There are no standard procedures to assess the good-

ness of fit of a time-dependent Cox model, but several steps

can be taken to evalrrate its adequacy in fitting the original

data and its predictive Power on independent observations'

\We have used four approaches, which follow'

Examination ofresiduals' In linear regression analy-

ses, residuals, defined as the discrePancy between the ob-

served and fitted values, are often examined to assess the

goodness-of-fit of the model and the presence of extreme

i"lo.r. Equivalent values have been defined for the Cox

model. t.rlhis paper, the unstandardized generalized resid-

uals of Barlow and Prentice,3l which are defined for each

subject and each variable in a model, were examined to

identify individuals having an undue influence in the analy-

sis. For each specificat'ion (A-I aod B-I) of the model' we

examined the residuals by plotting them against the ranks of

the subiects' observation times.

§Øe iound that the unstandardized residuals of Barlow

and Prentice3' computed for each variable in the models

with or without histological variables identified a few out-

Iiers in the data' Their deletion did not have a substantial

effect on the coefficients.
Comparison of observed and expected survival' Ob-

served survival frequencies were computed over seParate

6-month intervals for up to 6 years of follow-up (i'e', a total

of 12 tntervals) for nine categories of the two time-depen-

dent prognostic indices derived from the models with and

withouthistologicalvariablesforalldeathstreatedaSeYents
(A-I and B-I). ihese frequencies were calculated at the be-

ginning of each interval as the number of interval survivors

åirria.J by the total number of subiects altve at the begin-

ning of the interyal. Subiects censored during the interval

were included in the comPutatron'

The corresponding heuristic 6-month survival probabili-



December 1993 UPDATING PROGNOSIS IN PRIMARY BILIARY CIRRHOSIS 1873

Table 4. Observed and Expected Number of Events From the Previously Published Time-Fixed Model2 and Two

Time-Dependent Models With All Deaths Treated as Events

Categories of bilirubin

Medium Hgh

ETEFObsETEIObs EF

(,,
lr.

No. of
subjects Obs E.

Excluding histologic variables (A-l)

lncluding histologic variables (B-l)

36
30237 17

191 15

8.3
7.2

10.9
8.0

38
35

22.7
2r.6

36.5
31.0

25.2
19.9

33.9
24.5

EF, Expected number of events in our (previously published2) time-fixed model; Er, Expected number of events in the time-dependent model;

Obs, Observed number of events.

ties were estimated as described in the text for each specifica-

tion (A-I and B-I) of the time-dependent model'?

Observed survival rates and the expected survival proba-

tion. For comparison, the 6 months heuristic survival proba-

bilities expected from the model are also given' The results
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assess the predictive power of the model in different subsets
of the patients, we carried out this comparison separately for
subiects whose bilirubin at the beginning of the interval was
<36.3 pmol/L, betweet 36.3 and 120.2 Stmol/L, and
>120.2 ltmol/L (the 60th and 90th percentile of the ob-
served bilirubin values, respectively). \W'e used categories of
bilirubin to evaluate the fit because bilirubin is known to be
highly prognostic.l-s

Table 4 compares the observed total number of events in
the three bilirubin categories with those predicted by the
two time-dependent models (A-I and B-I). The observed
values differ because the model with histological variables
was fitted on a smaller set of patients. Both models appear to
fit the data adequately for medium and high bilirubin values
but underestimate the number of events in the lowest cate-
gory. The consistent slight excess of observed over expected
numbers of events appears to result from a very slight in-
crease over time (0.02 per month) in the average prognostic
index, in contrast to the assumption that the covariates re-
main unchanged.

Testing of model prediction in independent pa-

1

.9

.8

.7

.5

.5

.4

.3

.2

.1
0

PHOGNOSTIC INDEX (PI(t)) PROGNOSTIC INOEX (PI(t))

Figure 5. Comparison of observed survival frequency and expected survival probability for different values of the Pl(t) (in PBC I patients) of model
A-l (excluding biopsy variables and all deaths treated as events) and B-l (including biopsy variables and all deaths treated as events). 

-,expected survival probability; -----, observed survival frequency for placebo group; - - -, observed survival frequency for azathioprine group.

tients. The developed time-dependent Cox model was fur-
ther assessed by testing its predictive power in 147 indepen-
dent PBC patients (with complete data) who were included
in the randomized clinical trial of o-penicillamine vs. pla-
cebo (PBC2 trial).12 The survival predicted by the time-de-
pendent Cox model §/as compared with the observed sur-
vival in the same way as described above.

In Figure 6 the results are presented in the same way as in
Figure 5. For these independent patients there is also a good
agreement between observed and expected 6-month sur-
vival probabilities, supporting the validity of the model.

Comparison of fit between time-fixed and time-de-
pendent models. The comparison of observed and expected
number of events was also performed for the time-fixed
model presented by Christensen et a,1.2 The updated values
available at the beginning ofeach interval were used for the
prediction to mimic the use clinicians might make of such a
model.

Table 4 also shows the values computed when the previ-
ously published time-fixed model2 was used to predict the
number of events in the 237 and 191 patients used to fit the
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Figure 6. Comparison of observed survival frequency and expected survival probability for different values of the time-dependent prognostic
inclex (in independent PBC2 patients) of model A-l (excluding biopsy variables and all deaths treated as events) and B-l (including biopsy variables
and all deaths treated as events). 

-, 
expected survival probability; ----, observed survival frequency for placebo group; _ _ _, observed

survival frequency for o-penicillamine group.

PROGNOSTIC INOEX (PI(t))

PROGNOSTIC INDEX (PI(t)) PROGNOSTIC INDEX (PI(t))
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Table 5. Pocket Chart for Easy Calculation of the Pl(t)

Excluding Liver Biopsy Variables
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Table 6. Pocket Chart for Easy Calculation of the Pl(t)
lncluding Liver Biopsy Variables

Points to add

Variable
All deaths
(model A-l)

Hepatic deaths
(model A-ll)

Bilirubin
mg/100 mL pmol/L
0.6 l0
1.2 20
2.O 34
2.9 50
4.1 70
5.8 100
8.8 150

tt.7 200
17.5 300
23.4 400
29.2 500

Ascites
Absent
Present

Albumin
pmol/L gL
304 20
456 30
517 34
608 40
760 50
9r2 60

Age (yr)
30
40
50
55
60
70
80

Gastrointestinal bleeding
Absent
Present

-6
I
7

11

l5
l9
23
27
31
34
37

0
14

-6
-14
-18
-23
-31
-40

I
5
9

11

13
t7
2l

0
7

-9
0
7

12
t7
2l
27
30
36
39
42

0
14

-7
-15
-18
-22
-30
-38

0
5
9

11

13
t7
22

0
7

Sum of added points (S) :
Pr(t) : s/10 :

Points to add

Variable
All deaths
(model B-l)

Hepatic deaths
(model B-ll)

Bilirubin
mgll00 mL pmol/L
0.6 10
1.2 20
2.O 34
2.9 50
4.1 70
5.8 100
8.8 150

tt.7 200
17.5 300
23.4 400
29.2 500

Central cholestasis
Absent
Present

Ascites
Absent
Present

Cirrhosis
Absent
Present

Gastrointestinal bleeding
Absent
Present

Albumin

Imol/L
304
456
517
608
760
912

lgM
pmol/L
1.1

3.2
5.3
10.5
15.8
2t.o

g/L
20
30
34
40
50
60

g/L
I
J

5
10
l5
20

Age (yr)
30
40
50
55
60
70
80

-6
1

6
10
13
t7
21
23
27
30
32

0
12

0
t2

0
9

0
10

0

-7
-10
-14
-21
-24

0

-4
b

-9
-10
-11

I
4
7
8
I

l2
15

-9
0
6

ll
15
19
24
28
32
36
39

o
l3

o
l3

0
9

0
11

-l
-7

-10
-t4
-20
-26

0

-4
-6
-9

-10
-11

2
4
7
8
9

12
14

Sum of added points (S) =
Pr(t) : s/10 :

time-dependent models. In both cases, the predictions are
closer to the observed values when using the time-depen-
dent model.

Pocket charts to obtain time-dependent prognostic
index Pl(t). The time-dependent prognostic indices can be
obtained in a simple way at the bed side using the pocket
charts presented in Tables 5 and 6 in which the regression
terms have been replaced by simple numbers. Only one
number for each variable should be used. Interpolation
should be performed if a patient has values between those in
the tables.

If, for example, at a given time a patient has the variables
bilirubin (45 Stmol/L), ascites, albumin (30 g/L), age (48

years), and gastrointestinal bleeding, the PI(t) based on the
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model (A-I) without histological variables and all deaths
treated as end points (Table 3) are calculated to one decimal
as (10 [for bilirubin] * 14 [for ascites] - 14 [for albumin] t
8 [for age] * 7 [for gastrointestinal bleeding])/10 : 2.5,
which is only slightly larger than the precise value of 2.44 in
Table 3.
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