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Background: 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 design a new, more precise prognostic 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
comparing predicted and observed survivalin 147 inde-
pendent PBC patients followed for up to 6 years.
Results: In the obtained model the following time-de-
pendent variables independently indicated a poor
prognosis: high bilirubin, low albumin, ascites, gastroin-
testinal bleeding, and old age. When including histologi-
cal variables, cirrhosis, central cholestasis, and low
immunoglobulin (Ig)M also indicated a poor prognosis.
The survival predicted by the models agreed well with
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 during
the course of the disease. This may improve monitor-
ing of PBC patients.

n primary biliary cirrhosis (PBC), several prognostic

models have been developed using Cox regression
analysis."® 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 shown reasonable agreement between
predicted and observed survival for groups of patients
having a good, intermediate, or poor prognosis,® the
prognostic estimates for individual patients are not
very precise.>>*"¢ 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 model’ 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 particularly relevant for patients
with PBC because current medical therapy®'® 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,%!" 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 azathioprine vs. pla-
cebo? and tested on independent patients from another
similar controlled clinical trial of d-penicillamine vs.
placebo.'

Patients and Methods
Model Data

The data of 248 patients with PBC included in a
previously published randomized clinical trial (PBC1 Trial)
of azathioprine (1 mg/kg body wt) vs. placebo (respectively
127 and 121 patients) have been used in this study.? The
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patients were assessed clinically and biochemically at the
time of admission to the trial and every 6 months thereaf-
ter.> The total number of sets of clinical and biochemical
recordings was 1590. For the key variables, the percentage
of missing data was as follows: bilirubin, 5.0%; albumin,
7.4%; age, 0%; immunoglobulin (Ig) M, 18%; ascites, 5.6%;
and gastrointestinal bleeding, 5.5%. Liver biopsy was per-
formed before entry into the trial and thereafter at yearly
intervals.” The total number of sets of biopsy data was 706.
For the key variables, the percentage of missing data was as
follows: cirrhosis, 4.2%; central cholestasis, 4.2%. The pa-
tients were followed for up to 11 years (median 2.9 years for
those who died and 4.6 years for those censored). During
that period 121 died (57 during azathioprine treatment and
64 during placebo treatment). The main cause of death was
hepatic (mainly liver failure and gastrointestinal bleeding)
in 98 patients (azathioprine 46, placebo 52). Two patients
had a liver transplant, and both died from the procedure.
Their deaths are included as endpoints and regarded as he-
patic deaths. The above numbers differ slightly from those
previously published? because some late incoming data have
now been included. The cumulative survival curves have
been published previously.?

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 2.2 years for those who died and 3.6 years
for those censored) and included a randomized clinical trial
(PBC2 trial) of D-penicillamine, 1200 mg daily, vs. placebo
in 98 and 91 patients, respectively.> This trial showed no
significant effect of d-penicillamine.!? 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.'?

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 variables'*:

PI(t) = byz(t) + * + + + bz,

(t) (Equation 1).
The model states that at a given time # the prognostic index
(PI(#)) of a patient with the q variables 2,(?) to 2,(#) at that
time is a function of these variables weighted by the corre-
sponding regression coefficients 4, to 4, The time-depen-
dent model uses the current value of each variable. Because
each variable can vary over time, the death risk estimated by
the model varies accordingly. If, for example, a patient de-
velops gastrointestinal bleeding, the risk is likely to increase;
if the bleeding can be effectively treated, the risk is likely to
decrease again. The analysis requires that values for all vari-
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ables are defined for each patient over his complete follow-
up time. We have assumed that the values observed on a
patient at a given time remain unchanged until the next
observation because this corresponds to the clinical situa-
tion.

Probability of Surviving a Given Time

The PI(t) can be estimated repeatedly and used to
assess prognosis during the course of the disease in a given
patient. Although the future development in the variables of
a patient is not known in advance, one can nevertheless use
their current value at time t to compute a heuristic probabil-
ity of surviving the following time interval h as

P(t, t T h) = exp(—Ay-h-exp[PI(t)]) (Equation 2)

provided that 4 is short relatively to the course of the disease
and A, the estimated baseline hazard rate, is constant™!>
(see appendix for details). It is reasonable to assume that
prognostic variables do not change greatly over a 6-month
period. Therefore we have used equation 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, and therapy [aza-
thioprine or placebo]) were considered, together with other
variables that, in univariate analyses, had been shown to
have the following prognostic information: jaundice, pruri-
tus, gastrointestinal hemorrhage, cholestyramine treatment,
diuretic treatment, pigmentation, ascites, alkaline phospha-
tase, alanine aminotransferase, cholesterol, IgA, I1gG, 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.

All 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-
lection or backward elimination procedures'® were used. In-
teractions between treatment (azathioprine or placebo) and
other variables were investigated in the same manner as
described previously.''” The scoring of the variables was
adapted to fulfill model assumptions.'®

We 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-1I, B-1 and B-II) were
fitted.

Validation of Model

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 predictive power
was tested in 147 independent PBC patients (with complete
data) who were included in the randomized clinical trial of
D-penicillamine vs. placebo (PBC2)'* (see Appendix).

Furthermore, the heuristic predictions derived from the
time-dependent model were compared with those of our
previously developed time-fixed model? (see Appendix).

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 Clinical 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
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each associated with a poor prognosis. The same vari-
ables were selected when only the hepatic deaths (A-
IT) 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).

Model Based on Clinical, Biochemical, and
Histological 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
coefficients for bilirubin, ascites, and gastrointestinal
bleeding were slightly bigger. The coefficients for the
other variables were nearly 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 (azathioprine 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 and 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 Medel Including Only Clinical and Biochemical Variables in 237 Patients With

PBC
Model A-l (alt deaths)® Model A-ll (hepatic deaths)®
Regression Regression
Variable Scoring coefficient SE P coefficient SE P
Serum bilirubin l0g,0 (value in umol/L) — 1.53 2.53 0.26 <0.001 3.02 0.31 <0.001
Ascites Absent: O 1.39 0.21 <0.001 1.43 0.24 <0.001
Present: |
Serum albumin Value in g/L — 34.3 —0.085 0.019 <0.001 -0.077 0.021 <0.001
Age Years — 55 0.040 0.011 <0.001 0.043 0.012 <0.001
Gastrointestinal bleeding Absent: O 0.21 0.001 0.74 0.24 0.002
Present: 1

®No. of deaths = 116.
®No. of deaths = 94.



1868 CHRISTENSEN ET AL.

GASTROENTEROLOGY Vol. 105, No. 6

Table 2. Final Time-Dependent Cox Regression Model Including Clinical, Biochemical, and Liver Biopsy Variables in 191

Patients With PBC

Model B-I (all deaths)?

Model B-ll (hepatic deaths)®

Regression Regression
Variable Scoring coefficient SE P coefficient SE P

Serum bilirubin log,, (value in pmol/L) — 1.53 2,26 0.32 <0.001 2.79 0.39 <0.001

Central cholestasis Absent: O 1.22 0.25 <0.001 1.29 0.29 <0.001
Present: 1

Ascites Absent: O 1.18 0.25 <0.001 1.30 0.29 <0.001
Present: 1

Cirrhosis Absent: O 0.87 0.23 <0.001 0.88 0.26 <0.001
Present: 1

Gastrointestinal bleeding Absent: O 0.95 0.25 <0.001 1.10 0.29 <0.001
Present: 1

Serum albumin Value in g/L — 34.3 -0.070 0.022 0.001 -0.062 0.024 0.01

Serum IgM log,, (value in g/L) — 0.47 —-0.90 0.33 0.006 —0.85 0.39 0.03

Age Years — 55 0.027 0.012 0.02 0.026 0.014 0.06

aNo. of deaths = 96.
®No. of deaths = 77.

sequent rate of increase less marked for the azathio-
prine group (Figure 1B) than for placebo treated pa-
tients (Figure 1.4) when overlapping groups with
complete data in each time span were considered.’”'®
For albumin, the levels in the placebo group were,
despite some short-term fluctuation, relatively con-
stant over time (Figure 2.4) whereas marked initial
increases followed by slight long-term decreases were
seen during azathioprine 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

PLACEBO GROUP
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influence 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 Prognostic Index

The information in Tables 1 and 2 can be used
to calculate time-dependent prognostic indices for pa-
tients whose data are updated during their follow-up.

If, for example, at a given time a patient has the
following variables: bilirubin 45 pmol/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-
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40 -
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Figure 1. Course of serum bilirubin in overlapping groups of patients with complete data in each period of cbservation. Geometric means in
umol/L are presented separately for placebo- (A) and azathioprine-treated (B) groups. The number of patients contributing to the curves are as
follows: (A) 6 months, 98; 18 months, 75; 30 months, 67; 42 months, 51; 54 months, 42; 66 months, 28; and 78 months, 17; (B) 6 months,
102; 18 months, 95; 30 months, 79; 42 months, 64; 54 months, 56; 66 months, 44; 78 months, 28. Six months, ----- ; 18 months, - — —; 30
months, — — —; 42 months, —-—-— ; 54 months, — —-— —; 66 months, - —--— —; 78 months, —.
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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, 50; 54 months, 41; 66 months, 27; 78 months, 16; (8) 6 months, 100; 18
months, 93; 30 months, 77; 42 months, 64; 54 months, 54; 66 months, 43; 78 months, 28. Six months, ----- ; 18 months, - - —; 30 months,
— — —; 42 months, —-—-— ; 54 months, - —-- —; 66 months, - —--— —; 78 months, —.

plied by the scoring of the corresponding variable in
this way: PI(t) = 2.53 X (log;o[45] — 1.53) + 1.39 X 1
—0.085X (30 — 34.3) + 0.040 X (48 — 55) + 0.65 X 1
=2.53X0.123 + 1.39 X 1 — 0.085 X (—4.3) + 0.040
X (=7)y+0.65 X 1 = 2.44.

Transformation of PI(t) to Survival
Probability

From a given value of PI(t), the survival proba-
bility can be obtained using equation 2 in Patients and
Methods. The A, 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 Ay = 0.035 years™,
the probability of surviving the next 6 months (A = 0.5
years) given the above PI(t) of 2.44 can be estimated as
exp(—0.035 X 0.5 X exp[2.44]) = exp(—0.035 X 0.5 X
11.47) = 0.82 or 82%.

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 97%, 91%,
and 82%, respectively (Figure 3 [A-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 probabilities>' 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% (model A-1), the 95% confidence
interval would be 71.2%-92.5%. For patient 2 in the
same table, who has an estimated 6-month survival
probability of 98.7%, the corresponding 95% confi-
dence interval would be 98.0%-99.4%. As for the
time-fixed Cox model,? 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,> 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
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Figure 3. Probability of surviving 1, 3, and 6 months as a function of the PI(t) for models excluding biopsy variables (A- [all deaths treated as
events], A-1l [only hepatic deaths treated as events]) and models including biopsy variables (B-I [all deaths treated as events], Bl [only hepatic

deaths treated as events]).

diagnosis, which tends to be made during an exacerba-
tion for which the patients seek medical assistance,
slight improvement (regression toward the mean'®)
may occur, even in placebo treated patients, as shown
in Figures 14 and 2.4. This means that later “steady
state” values (e.g., after some months) may better re-
flect the degree of permanent liver damage than the
initial values. However, the previously published
time-fixed models'= are 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 model® 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.® This implies

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 therapy,®*'° 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.? 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
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Table 3. Example of Calculation of Time-Dependent Prognostic Indices for Three Patients With Good, Medium, and Poor

Prognosis
Patient 1 (good prognosis; Patient 2 (medium prognosis; Patient 3 (poorer prognosis;
Variable 10th percentile of Pl) median PI) 90th percentile of PI)

Bilirubin (umol /L) 11 35 45
Central cholestasis No No No
Ascites No No Yes
Cirrhosis No Yes Yes
Gastrointestonal bleeding No No Yes
Albumin (g/L) 45 40 30
IgM (g/L) 3.0 3.8 4.0
Age (yr) 63 59 48
Models excluding biopsy variables

Pl —1.83 -0.29 2.44

P4, (6 mo) 99.7% 98.7% 81.8%

Plan -1.96 -0.22 2.57

Pay (6 moO) 99.9% 99.2% 87.2%
Models including biopsy variables

Plg, -1.64 0.51 3.27

Pg. (6 mo) 99.8% 98.7% 82.0%

Pla.y —1.82 0.58 3.60

Pg.y (6 MO) 99.9% 99.2% 84.8%

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

We present two 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.'~> Serum bilirubin and age have been found to
be important prognostic in all the time-fixed mod-
els." 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,®>* ascites,* gastrointestinal bleeding,* cir-
rhosis,’>> and central cholestasis.”>* 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 reflect a more severe immune
disturbance and proneness to infection in some pa-
tients.”' Even though IgM was not significant in the
univariate analysis, it was highly significant in the
multivariate analysis. Nevertheless, we cannot rule out
completely that it is a false-positive finding. Unlike in
our time-fixed model,? a linear scoring of age was ade-
quate in the time-dependent models.

The prognostic precision of time-fixed models is not
very high.>>>- 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 analy-
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 1 and 2).

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 average 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.?

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 that 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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easily transformed to estimates of surviving the follow-
ing 1, 3, or 6 months. We chose 6 months as the limit
for prediction because the covariates are likely to
change beyond that time, which will affect prognosis.

Because the time-dependent models have been
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
may contribute to the decision of if and when to per-
form a liver transplantation,” which involves compar-
ison of pretransplant prognosis with and without
transplantation.®*'**?" As a preliminary practical
guideline for using the time-dependent model, we rec-
ommend that transplantation be considered when the
estimated 6-month survival probability drops to 80%
or less. This is in accordance with recent recommenda-
tions based on the Mayo model." However, to define
more precisely the optimal use of the time-dependent
model for timing of liver transplantation, further eval-
uation in prospective studies is necessary.

Even though patients selected for liver transplanta-
tion may remain on 2 waiting list for a long time, they
will be followed closely for monitoring the course of
the disease. If prognosis becomes worse, their position
in the waiting list may be advanced. Thus, to keep the
waiting list up-to-date, it should be sorted at all times
according to the urgency of the need. In this context,
the time-dependent model can also provide a valuable
objective contribution.

Appendix
Statistical Methods

In this study, we used the Cox model for time-de-
pendent variables."? This model has the same form as the
time-fixed Cox model but allows the variables to change in
time. The prognostic index PI(t), which is a function of the
patient’s variables at a given time t being weighted by the
corresponding regression coefficients, is also equal to
log (A[t]/Ag[t]) where A(?) is the patient’s death risk or haz-
ard a time t given his variables at that time and A4(#) is the
so-called baseline or underlying hazard function for the
time-dependent model.” (Ay(?) is defined as the hazard of a
hypothetical subject with variable scorings of zero at time
t.!%) In the analysis, continuous variables were “centred” by
subtracting the mean. This had the effect of making the
underlying hazard correspond to that of an average patient
(with variables equal to the mean for continuous variables
and zero for binary variables).

For ali four models, Figure 4 shows the cumulative base-
line hazard function A, (t), being the integral of the baseline
hazard function Ay(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 years, where the uncertainty of
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the estimated curves is great because of the few patients at
risk at that time, the underlying hazard function may be
considered constant (independent of time t) for the first 6
years. This means that, for a given value of PI(t), the prog-
nostic information for a subsequent short time period is the
same whether early or late in the course of the disease, at
least 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 different specifications of the prognostic index PI(t).

Statistical Programs

The statistical analyses were performed using (1) the
BMDP 2L program,® with the support of a purposely writ-
ten Fortran subroutine and (2) the time-varying option for
the Cox regression analysis in the statistical package
STATA.? The two procedures led to identical results. The
underlying hazard function was obtained from a modified
version of the program by Kalbfleisch and Prentice.®

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 evaluate its adequacy in fitting the original
data and its predictive power on independent observations.
We have used four approaches, which follow.

Examination of residuals. 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
values. Equivalent values have been defined for the Cox
model. In this paper, the unstandardized generalized resid-
uals of Barlow and Prentice,® 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 specification (A-I and B-I) of the model, we
examined the residuals by plotting them against the ranks of
the subjects’ observation times.

We found that the unstandardized residuals of Barlow
and Prentice®® computed for each variable in the models
with or without histological variables identified a few out-
liers 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 intervals) for nine categories of the two time-depen-
dent prognostic indices derived from the models with and
without histological variables for all deaths treated as events
(A-I and B-I). These frequencies were calculated at the be-
ginning of each interval as the number of interval survivors
divided by the total number of subjects alive at the begin-
ning of the interval. Subjects censored during the interval
were included in the computation.

The corresponding heuristic 6-month survival probabili-
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Table 4. Observed and Expected Number of Events From the Previously Published Time-Fixed Modei? and Two
Time-Dependent Models With All Deaths Treated as Events
Categories of bilirubin
Low Medium High
No. of
Modet subjects Obs Ee Ey Obs Ee E; Obs Ef Ey

Excluding histologic variables (A-) 237 17 8.3 10.9 38 22.7 36.5 36 25.2 33.9
Including histologic variables (B-}) 191 15 7.2 8.0 35 21.6 31.0 30 19.9 24.5

E., Expected number of events in our (previously published?) time-fixed model; E;, 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-T) of the time-dependent model.”

Observed survival rates and the expected survival proba-
bilities from Equation 2 in Patients and Methods were com-
puted over the separate six-month intervals and then pooled
and plotted as a function of PI(t).

Figure 5 shows the pooled observed 6 months survival
frequency as a function of the mean PI(t) values for 9 PI(t)
intervals covering the full range, calculated for all the pa-
tients at 6-month intervals for the first 6 years of observa-
tion. For comparison, the 6 months heuristic survival proba-
bilities expected from the model are also given. The results
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are given for both the model excluding histology (A-I) and
the model including histology (B-I). Because the model was
fitted on the same data, one would expect a good correspon-
dence between observed and expected 6-month survival
probabilities. However, the closeness of the values suggests
an adequate fit of the models to the data.

Comparison of observed and expected number of
events. Following the same approach described in the com-
parison of observed and expected survival, we computed the
expected numbers of deaths for each 6-month interval of the
first 6 years of follow-up on the basis of the models A-I and
B-I. We then compared these with the observed values. To
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Figure 4. Estimated integrated baseline hazard functions for the four presented time-dependent models. The underlying hazard for the first 6
years were estimated by linear regression to give the following values, models excluding biopsy variables: A-l (all deaths treated as events),
0.035 years™' (SE, 0.0002); A-l (only hepatic deaths treated as events), 0.021 years™! (SE, 0.0001). Models including biopsy variables: B-I (all
deaths treated as events), 0.016 years™' (SE, 0.0002); B-ll (only hepatic deaths treated as events), 0.009 years™! (SE, 0.0001).
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Figure 5. Comparison of observed survival frequency and expected survival probability for different values of the PI(t) (in PBC1 patients) of model
A-l {excluding biopsy variables and all deaths treated as events) and B-I (including biopsy variables and all deaths treated as events). ——,
expected survival probability; ----- , observed survival frequency for placebo group; — — -, observed survival frequency for azathioprine group.

assess the predictive power of the model in different subsets
of the patients, we carried out this comparison separately for
subjects whose bilirubin at the beginning of the interval was
<36.3 umol/L, between 36.3 and 120.2 pmol/L, and
>120.2 umol/L (the 60th and 90th percentile of the ob-
served bilirubin values, respectively). We used categories of
bilirubin to evaluate the fit because bilirubin is known to be
highly prognostic.'-*

Table 4 compares the observed total number of events in
the three bilirubin categories with those predicted by the
two time-dependent models (A-1 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-
goty. 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-
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Probability af surviving

Probability of surviving
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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 D-penicillamine vs. pla-
cebo (PBC2 trial).'? The survival predicted by the time-de-
pendent Cox model was 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 al.> The updated values
available at the beginning of each 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 model?® 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
index (in independent PBC2 patients) of model A-l (excluding biopsy variables and all deaths treated as events) and B-I (including biopsy variables
and all deaths treated as events). ——, expected survival probability; ----, observed survival frequency for placebo group; — — —, observed
survival frequency for D-penicillamine group.
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Table 5. Pocket Chart for Easy Calculation of the PI(t)
Excluding Liver Biopsy Variables
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Table 6. Pocket Chart for Easy Calculation of the PI(t)
Including Liver Biopsy Variabies

Points to add

Points to add

All deaths Hepatic deaths All deaths Hepatic deaths
Variable (model A-l) (modet A-Ii) Variable (model B-i) (modet B-H)
Bilirubin Bilirubin
mg/100 mL  umol/L mg/100 mL  pmol/L
0.6 10 -6 -9 0.6 10 -6 -9
1.2 20 1 0 1.2 20 1 0
2.0 34 7 7 2.0 34 6 6
2.9 50 11 12 2.9 50 10 11
4.1 70 15 17 4.1 70 13 15
5.8 100 19 21 5.8 100 17 19
8.8 150 23 27 8.8 150 21 24
11.7 200 27 30 11.7 200 23 28
17.5 300 31 36 17.5 300 27 32
23.4 400 34 39 23.4 400 30 36
29.2 500 37 42 29.2 500 32 39
Ascites Central cholestasis
Absent 0 0 Absent 0 0
Present 14 14 Present 12 13
Albumin
pmol/L g/L Ascites
304 20 -6 -7 Absent 0 0
456 30 ~14 ~15 Present 12 13
517 34 -18 -18
6808 40 -23 —9292 Cirrhosis
760 50 -31 -30 Absent 0 0
912 60 —40 -38 Present 9 9
Age (yr) Gastrointestinal bleeding
30 1 0 Absent 0
40 5 5 Present 10 11
50 9 9
55 11 11 Albumin
60 13 13 umol/L g/l
70 17 17 304 20 6] -1
80 21 22 456 30 -7 -7
Gastrointestinal bleeding Zé; 23 Aig :}2
Absent 0 0
Present 7 7 760 50 =21 —-20
912 60 -28 —26
Sum of added points (S) =
PIt) = S/10 = tgM
umol/L g/L
1.1 1 0 0
time-dependent models. In both cases, the predictions are gg g 72 ‘g
closer to the observed values when using the time-depen- 10.5 10 -9 -9
dent model. 15.8 15 -10 -10
Pocket charts to obtain time-dependent prognostic 21.0 20 —11 ~11
index PI(t). The time-dependent prognostic indices can be
obtained in a simple way at the bed side using the pocket Aggo(yr) 1 5
charts presented in Tables 5 and 6 in which the regression 40 4 4
terms have been replaced by simple numbers. Only one 50 7 7
number for each variable should be used. Interpolation 55 8 8
should be performed if a patient has values between those in 60 9 9
the tables. ;g :g }i
If, for example, at a given time a patient has the variables
bilirubin (45 pmol/L), ascites, albumin (30 g/L), age (48 ~ Sum of added points (S) =
. > . PI(Y) = S/10 =
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] +
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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