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cluded the following significant prognostic variables:
serum bilirubin, serum albumin, age, year of trans-
plantation, and the presence of ascites or treatment
with diuretics. Comparison of prognosis with and
without transplantation showed that the predicted
gain in survival after transplantation becomes increas-
ingly positive when the 6-month survival probability
in the absence of transplantation falls below 0.85. In
the non-transplanted patients this occurs on average
about 8 months before death.
Conclusions.' Comparison of the prognosis with and
without transplantation provides a rational method for
determining the optimum timing of the procedure
which occurs approximately when the predicted 6-
month survival probability rvithout transplantation
falls below 0.85.

Key words: Cox regression model; Primary biliary
cirrhosis; Prognostic factors; Survival analysis; Tians-
plantation.

An important issue in the management of patients
with PBC is the optimal timing of transplantation: nei-
ther too early (prognosis with transplantation poorer
than without), nor too late (patient may die before the
procedure can be performed or may be so ill that the
chances of tolerating and surviving the procedure may
be considerably reduced). To determine the optimal
timing of transplantation, it is necessary to estimate
the prognosis with and withqut transplantation for a
patient at any given time. This may also help in decid-
ing if and when to refer for transp'låntation (8).

For non-transplanted patients with PBC, several
prognostic models have been developed (2,9-16). In the
absence of any controlled clinical trials of transplan-
tation, these models have been used as replacement
tools to illustrate the effect of liver transplantation by
comparing the observed survival after transplantation
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Background/Arrns.' Liver transplantation remains the
only definitive treatment for patients with end-stage
primary biliary cirrhosig although the optimal timing
of the procedure remains uncertain. The aim of the
study was to use prognostic modelling to determine
the optimal timing of transplantation for patients with
primary biliary cirrhosis.
Methods: A prognostic model for predicting the sur-
vival of patients after transplantation was generated
using the Cox regression model with data from 312 pa-
tients transplanted for primary biliary cirrhosis at the

Queen Elizabeth Hospital, Birmingham. The prog-
nosis after transplantation was compared to that with-
out transplantation (using a previously published prog-
nostic index for non-transplantation) both in these pa-
tients and in 98 non-transplanted primary biliary cir-
rhosis patients dying from the liver disease, in order to
establish at what stage the prognosis with transplan-
tation was better than without transplantation.
Results: The prognostic index for transplantation in-

pnruenv biliary cirrhosis (PBC) is an intrahepatic,
I chronic, nonsuppurative, destructive cholangitis.
The disease tends to progress with time but the rate ol
progression is highly variable (l). Some treatments
such as azathioprine (2), colchicine (3), cyclosporin A
(4), methotrexate (5), prednisolone (6) and ursodeoxy-
cholic acid (7) may have some therapeutic benefit.
Horvever, none of the medical treatments has been
demonstrated effectively to stop progression. There-
fore, in advanced cases liver transplantation is the only
effective therapeutic measure.
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with the survival predicted by prognostic models for
non-transplantation (17-19). A few of the prognostic
models are time-dependent (14-16), allowing estimates
of the prognosis to be updated during the course of
the disease. Such models are well suited for monitoring
progression since they provide current short-term
prognostic estimates.

For patients transplanted for PBC, one prognostic
model has been published (20); this was based on a
smaller sample of patients in the early days of trans-
plantation.

No systematic comparison of prognosis with and
without transplantation in the same patients has been
performed. The purpose of this paper is firstly to pro-
vide an updated model for prognosis after transplan-
tation for PBC based on a larger sample of patients,
most of whom were transplanted after 1985, with im-
proved survival following the procedure, and secondly
to compare estimates of prognosis with and without
transplantation in patients with PBC and so determine
the optimal time of transplantation when the risks of
the procedure are outweighed by the risks of dying in
the absence of grafting.

Patients and Methods
(I) Prognostic modelfor lrunsplantotion (using the pre-transplanl
dara)
A series oi 312 consecutive PBC patients transplanted at the Liver
and Hepatobiliary Unit, the Queen Elizabeth Hospital in Birming-
ham and lollowed for up to 13.6 years were studied. Summaiised pre-
transplant data of the patients are presented in Thble l.

The association ol each variable with survival was studied using

the logrank test (21) for comparison of survival curves calculated
according to Kaplan & Meier (22). For quantitative variables the log-
rank test for trend (21) was used after stratification according to the
level of the variable into four strata of approximately equal size.
These analyses were performed both for the full observation period
after transplantation and lor the first 6 months alter transplantation
by censoring at this time all observation times greater than 6 months.
The latter was done because pre-transplant variables are likely to have
only a short-term effect on the prognosis after transplantation. To
obtain a model to be used for pre-transplant prediction of the prog-
nosis after transplantation, the 6-month survival data were also used
in multivariate time-fixed Cox regression analysis (23,24) including
variables with p<0.20 in univariate analysis. The final Cox model
was obtained using backward elimination of insignificant variables
(p>0.05) as previously described (24). The scoring of the variables
was adapted to fulfil model assumptions (2,24). In the analysis the
lew missing variables were replaced by the mean value of the variable
in question. The Cox regression model allows the calculation of a
prognostic index (PI) in any given patient:

Pl:bqz1 +...+bqzq, (Equation l)

where z1 to zq are the patient's values of the variables in the model
and b1 to bo are the corresponding regression coefficients. A given
PI,..o, (for transplantation) can be translormed to an estimate of sur-
viving a given time ahead. Since pretransplant variables can be ex-
pected to predict only a limited period ahead after the transplan-
tation, we only use the model to predict 6-month ahead. The pre-
dicted 6-month survival probability is estimated as follows:

Su-o-,.,." = exp[-.,10(6mo)xexp(PI,.on.)], (Equation 2)

where l6(6mo) is the estimated cumulative underlying hazard func-
tion at 6 months (2,24).

( II) Prognostic model for non-tronsplanteel palients
To estimate the current prognosis during the course without trans-
plantation, we used our previously published time-dependent Cox
model, considering only hepatic deaths as end-points (Model A-ll)
(13) because livtir transplantation can only be expected to prevent
death due to the liver disease ("hepatic deaths", i.e. deaths from liver
failure, gastrointestinal bleeding, or both). This model is used in the
formula below to give the current time-dependent prognostic index:

PInon-,.,n"= 3.02 X(log16[serum bilirubin 4mol/l]
-1.53) +1.43 (ifascites presenr)

-0.077X(serum albumin gll- 34.3)
+0.043x(age years -55)
+0.74 (iI gastro-intestinal bleeding present). (Equation 3)

(Plronr.un" can be obtained in a simpler way using the previously pub-
lished pocket chart (Tåble 5 in relerence l4).)

With this prognostic index one can, during the course ol the dis-
ease, estimate the probability of surviving the lollowing 6 months
using this relation:

56-o-non-r..n.:Bxp[-0.0105 x exp(PInon_1.on.) ], (Equation 4)

where -0.0105 is the underlying hazard lo (being 0.021 years-r (14))
times the time period (0.5 years).

(III) Comparison of estimates ofVrognosis tvith and without
tr«nsplanlation
The prognosis with as well as x,ithout iransplantation was estimated
both in the transplanted patients described above and, for illustrative
purposes, also in 98 non-transplanted patients (not any kind of a
control group) with complete data at 12-0.5 months (on average 6
months) prior to death from a hepatic cause (as defined above). These
patients were included in two placebo-controlled, prospective ran-
domised clinical trials evaluating the eflect of azathioprine (2) and d-
penicillamine (25). These trials were performed at a time when liver
transplantation was not yet regularly performed in the participating

TABLE I

Summarised pre-transplant data of 312 consecutively transplanted
patients with PBC used for development ola pre-transplant prognos-
tic model for transplantation

Variable Median (Range)

or Yo (or fraction)

Age (years) 53 (33,73)
Females (%) 89% (2'17/312)
Year of transplantation (calendar year) 1990 (1981, 1994)
Laparotomy (%) 3j,y" ( I 1613 t2)
Encephalopathy (%) 27% (83/312)
Variceal haemorrhage (%) 4l% (125/305)
Ascites (%) 56% (172t308)
Diuretic treatment (%) 56% 07A30j)
Plasma albumin (gil) 30 (11,49)
Plasma prothrombin time prolongation (s) l.Z (0.79, 3.3)
Plasma bilirubin (pmol4) 193 (9, 1300)
Plasma creatinine (4moUl) 8l (36,582)
Plasma urea QrmoVl) 5.5 (2.0, 60)
Plasma sodium (mmol/l) I35 (l10, 155)
Plasma potassium (mmol,tl) 4.2 (2.4,6.8)
Blood group A gene (%) 47% (t47t312)
Blood group B gene (%) tt% (34/3t2)
Rhesus blood group gene (%) Bl% (258/312)
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TABLE 2

Pre-transplant variables associated with
using the logrank test

Timing of tansplantation in PBC

prognosis after transplantation in 312 transplanted patients with PBC. Results of univariate analyses

Variable Direction of associationl p-value

Total observation period First 6 months

t
J

i
t
t
1
1
J
1
1
1
t
J

v

Age (years)
Females (%)
Year of transplantation (calendar year)
Laparotomy (%)
Encephalopathy (%)
Variceal haemorrhage (%)
Ascites (%)
Diuretic treatment (70)

Ascites or diuretic treatment or both (%)
Plasma albumin (g/l)
Plasma prothrombin time prolong. (s)
Plasma bilirubin (4mol/l)
Plasma creatinine (pmol/l)
Plasma urea (pmoUl)
Plasma sodium (mmoUl)
Plasma potassium (mmol/l)
Blood group A gene (%)
Blood group B gene (%)
Rhesus blood group gene (%) J

0.29
0.81

0.01

0.66
0.12
0. l4
0.002
0. l6
0.003
0.003
0.1 l
0.03
0.007
0.03
0.02
0.87
0.49
0.24
0.0007

0.69
0.74
0.002
0.96
0.t2
0.33

0.008
0.r6
0.002
0.002
0. l4
0.002
0.04
0. l2
0.07
0.39
0.50
0.23

0.02
I Presence of the characteristic (qualitative variables) or of higher values oi the variable (quantitative variables) are associated with a higher risk(t; (poorer prognosis), a lower risk (J), or not associated wi-th the prognosis (-).

centres. Therefore, these unselected "historic" patients can illustrate
the natural history ol the disease without transplantation. The rate
ol development of the prognostic indices prior to (hepatic) death was
also examined to determine when the prognosis (i.e. the 6-month sur-
vival probability) wirh transplantation would be better than without.
This was done in 3l of the non-transplanted patients who had com_
plete data 6 months apart belore death from a hepatic cause. Medians
with noh-parametric 95%, confidence intervals of quantitative vari-
ables were estimated as described by Brown & Hollander (26).

Results
Prognostic model predicting survit,ol after
tronsplantation
The 6-month overall survival of the 312 patients was
83.7%. At 13.6 years it was 68%. The total number of
deaths in the survival period was 71. Fifty-one deaths
occurred within the first 6 months after transplan-
tation.

The results of the univariate prognostic analyses
using the logrank test are shown in Table 2.The results

for the full observation period are similar to those for
the first 6 months.

The final Cox regression model for 6-month sur-
vival is shown in Thble 3. The model included as sig-
nificant variables: the year of transplantation, the
albumin/age ratio, the plasma bilirubin, and whether
ascites was present or diuretics were given, or both.
The scorings shown in Table 3 gave the best fit in
the model. Albumin and age had borderline statisti-
cal significance fu,:0.081 and p:Q.663, respectively)
when either was included separately in the model,
but since serum albumin decreases physiologically
with age (27), the albumin/age ratio was used as an
appropriate interaction variable which gave a satis-
factory fit in the model. The survival in patients
grafted after 1990 tended to be slightly better than
in the previous 5-year period, but the difference did
not reach statistical significance. le(6mo) for the

TABLE 3

Final Cox regression model for pre-transplant prediction olshort-term survival (up to 6 months) after transplantation. .1 .

Variable Scoring sE(b) p-value

Year of transplantation

Albumin/age ratio
Plasma bilirubin
Ascites or diuretic treatment

l98l-85: I
After 1985: 0
(g/l)/years

,rrmoVl
yes: I
no: 0

0.962

-2.402
0.00143

0.79 I

0.361 0.008

0.988 0.015
0.00063 0.025
0.380 0.037
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Survival probability for non-transplantation
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Survival probsbility for lransplantation
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Prognostic index for transplantation

Fig. L The pt'edicted 6-monlh survivol probubility as afunc-
tion of the prognostic iruler for non-transplantotion (Ltpper
panel) «nd for transplantation ( lower panel ).. p1,,,,,,"-vulues

being 3.1 less than Plnu,_,r,,,,"-values correspond to similar
6 -nto nt h sur v iv al p r obab il it ies.

model was 0.2326. Inserting this value in formula 2,
the 6-month survival probability can be calculated
from that [ormula, given the prognostic index
(PI,,on.) of the patient. (For t:1, 2, 3, 4 and 5
months after the transplantation, le(t) was 0.1323,
0.1805, 0.1854, 0.2109, 0.2217, respectively.)

Using Fig. 1, the 6-month survival probability corre-
sponding to a given prognostic index pl can be read
directly both for non-transplantation (pInon-t.on.) (12)
(Fig. I upper panel) and transplantation (pI,.u".) (Fig.
I lower panel). Using simple algebra, it can be shown
that Pl,.u..-values 3.1 less than plnon-,ronr-values pre-
dict similar 6-month survival probabilities.

Comparison of prognosis tyith and without liver
transplantation
Fig. 2 shows the relation between the prognostic index
values for survival with and without transplantation in
the 303 transplanted patients with complete data
(upper panel) and in 98 non-transplanted patients with
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complete data available between l2-0.5 months (on av-
erage 6 months) prior to death from a hepatic cause
(lower panel).

The findings are similar in both groups, showing a
small variation in the prognostic index for transplan-
tation (PI,runr). Furthermore, only for non-transplan-
tation prognostic index (Pl.on_,ru..) values above -2.5
is the predicted 6-month survival probability for trans-

-2-1012345678
ftognostic index for non-transplantation

Fig. 2. The relation bet»,een the prognostic index values for
transplantation and non-lransplantation in j03 transplanted
patients with complete data (upp?r panel) and in 98 non-
transplanted patients with complete data at 124.5 months
(on average 6-month) prior to death from a hepatic cause
(lower panel). The line of identical predicted 6-month sur-
vival probability for the ttro indices is shown. Pl-combi-
nations below this line indicate a comparatively higher pre-
dicted 6-month survival for transplantation, which should
therefore be considered.
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plantation better than for non-transplantation (the
pciints lie below the indicated line of equal predicted 6_
month survival probabilities).

Fig. 3 shows the relation
index lor non-transplantation
dicted gain in 6-month surviva
plantation in transplanted patients (upper panel) and
non-transplanted patients on average 6 months prior
to death from a hepatic cause (lower panel). In both
groups of patients the gain in predicted 6-month sur_
vival probability starts to increase at prognostic index
values of about 2.5.

Fig. 4 shows the observed development of the prog-
nostic index for non-transplantation (plro.-,.u.") and its
associated predicted 6-month survival probability in 3l
non-transplanted patients with complete sets of data at
6-month interval before death from a hepatic cause. In
this period the median prognostic index for non-trans-
plantation (Plnon-,.un.) increases from2.4 to 3.g (with a

Timing of transplantation in pBC

-#Non- -{- Trans
trana
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prognottc 2
lndex I
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aurvtYat
probablll§ 9.5

s.2 ,.9
llonths beforo death from a hepafic cause

Fig. 4. Dcvelopment of the nrcdian prognostic index for
non-transplantation and its ussocktted predicted 6-montlr
survival probabilitl, (with 95,%, confdence intervals indi-
cated by light dottad lines) in 3l non-!rctnsplunted patienr.s
w,ith complele tluta 6 monllts opor! belbre tleathfrom a he-
patic couse.

corresponding decrease in the median predicted 6-
month survivalprobability of 0.86 to 0.53), whereas the
median prognostic index for transplantation (pl,run.)
(and the corresponding predicted 6-month survival
probability) change only slightly in the same period of
time. Thus the gain from transplantation starts to be-
come positive around 8 months prior to death from a he-
patlc cause, corresponding to a prognostic index for
non-transplantation (PInon_,,on,) of about 2.5.

Practical opplication of tlrc prognostic indices in
individual patients
The following examples illustrate the calculation of the
prognostic indices and the interpretation of the result-
ing values. The calculation of the prognostic index for
transplantation is facilitated by the pocket chart pre-
sented in Table 4, according to the principles pre-
viously described (14,24).

Example 1. At a given time, a PBC patient shows the
following variables: albumin 26 !1, age 6l years, biliru-
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Fig. 3. The relqtion between the prognostic index for non_
lransplantation and the predicted gain in 6-month sttrvival
probability from transplantation in 303 transplantecl pa_
tients (upper panel) and 98 non-transplanted patients on
average 6 months prior to death from a hepatic cattse
(lo*,er panel).
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TABLE 4

Pocket chart for easy calculation of prognostic index for transplantation

Variable Points to add

bin 29 pmol/\, ascites present (scored as l) and no GI
bleeding (scored as 0).

A. Current prognosis for non-transplantation:
Using equation 3, Plnon-rrans : 3.02x(log1e[29] -1.53)
(for bilirubin) + 1.43 x I (for ascites) -0.077 x
(26-34.3) (for albumin) + 0.043 x (61-55) (for age)
+ 0.14 X 0 (for gastro-intestinal bleedin,) : 2.12.
However, Plnon-trun. can be obtained in a simpler way
using the previously published pocket chart (Table 5

(model A-II) in reference 14). With that pocket chart
the calculation is as follows:

Pl,on_t.un, = (5+14- I I + l3+0)/10 : 2.1.

Using Fig. I (upper panel) S6-o_non_,.un, can be read as

0.92 or 92%. (Calculation using equation 4 gives the
same result.)

B. Prognosis for transplqntation:
Using the model presented in Table 3, PI,.un, :
- 2.402x (2616 I ) (for albumin/age rario) + 0.00 I 43 xZ9
(for bilirubin)+0.791x1 (for ascites) : -0.19. (For
present day transplantation, the term for year oftrans-
plantation vanishes.) Using the pocket chart for this
model presented in Table 4, the calculation simplifies
to: PI,,un, : (-10+0+8)/10 : -0.2.

290

50

-40
-34
-30
-27
-24
-22
-20
-18
-t7

Using Fig. I (lower panel) S6.o-r.,,n. can be read as

0.83 or 83%. (Calculation using equation 2 gives the
same result.)

C. Gain of transplcuttcttiott:

The predicted gain in 6-month survival probability to
be obtained with transplantation is 0.83-0.92 : -0.09
or -9nÅ, i.e. the predicted gain is negative and trans-
plantation should not be performed at this time.

Example 2. At a given time, a PBC patient shows the
following variables: albumin 29 gll, age 47 years, biliru-
bin 79 prmol/I, ascites present (scored as 1) and GI
bleeding present (scored as l).

A. Cw'rent prognosis for non-transplantation:
Using equation 3, Plno^-trans: 3.02x(log1s [79]-1.53)
(for bilirubin)+ 1.41x I (for ascites)

-0.077x(29-34.3) (for albumin)+0.043x(47-55)
(for age)+0.74x1 (for gastro-intestinal bleeding) :
3.35. Using the previously published pocket chart
(Table 5 (model A-II) in reference l4), Plnon-t..ns can
be obtained in a simpler way. With the pocket chart,
the calculation is as follows:

Pfnon-,,u., : (18+14-14+8+7y10 : 3.3.

Albumin (g/l): 20

Age (years): 30 -16
35 -14
40 -t2
45 -ll
50 -10
55 -9
60 -8
65 -7
70 -7

Bilirubin (rrmol/l):
l0

100

200
300
400
500

Ascites or diuretic:
Yes

No

25 30 35 40 45

Points for albumin-age combination

-20 -24 -28 -12 -36
-17 -2t -24 -27 -31
-15 -18 -2t -24 -27
-13 -16 -19 -2t -24
-r2 - 14 -t7 - 19 -22
-ll -13 -15 -t7 -20
-10 -t2 -t4 -16 -18
-9 -ll -13 -15 -r7
-9 -10 -12 -t4 -ls
Points for bilirubin:
0

I
3

4
6

7

Points for ascites or diuretic:
8

0

Sum ol added points (S):
PI,,on.:S/10=

Note: Only one value o[ each variable or variable combination should be used in the calculation. Il a patient has values between those in the
table, interpolation should be used.



Using Fig. I (upper panel) S6-o_nor_r..," can be read as
0.74 or 74oh. (Calculation using equation 4 gives the
same result.)

B. Prognosis for transplantation:
Using the model presented in Table 3, pl,.u,. :
- 2.402x (29 I 47) (for albumin/age ratio) +0.00 I 43xl- 9
(for bilirubin)+0.791x1 (for ascites) : -0.58. (For
present day transplantation, the term for year oftrans-
plantation vanishes.) Using the pocket chart for this
model presented in Table 4, the calculation simplifies
to: PI,.u., : (-15+1+8y10 = -0.6.

Using Fig. I (lower panel) S6mo_tr.ns can be read as

0.88 or 88%. (Calculation using equation 2 gives the
same result.)

C. Gain of transplantation:
The predicted gain in 6-month survival probability to
be obtained with transplantation is 0.88-0.74 : 0.14
or l4o/o, i.e. in this patient the predicted gain is slightly
positive and preparation for transplantation should be
started.

Discussion
Although liver transplantation is the only effective
therapy for patients with end-stage primary biliary cir-
rhosis, timing of the procedure is difficult. Even though
results of transplantation have improved, significant
morbidity and mortality are still associated with the
procedure. If a patient is transplanted early in the
course of disease, there remains the risk that the pa-
tient may die prematurely as a consequence of surgery.
Conversely, i[ the patient is transplanted late in the
course of the disease, the patient is less likely to survive
the surgery.

The presented model for estimating survival after
transplantation shares some variables (bilirubin, year
of transplantation, diuretics) rvith the previously pub-
lished model based on a smaller sample (19). New vari-
ables in the present model are albumin and age. An-
other recently published model for predicting events
after transplantation for patients with cholestatic dis-
eases (including PBC) included age, renal failure,
Child's class and degree of incapacitation (28). How-
ever, that model was designed for prediction of blood
loss, days in intensive care unit and severe compli-
cations after surgery, but not for prediction of survival
and so it does not allow comparison with survival esti-
mates in the absence of transplantation.

Although many of the factors (serum bilirubin,
age, serum albumin, presence of ascites) which pre-
dict the survival in the absence of transplantation

Timing of transplantation in PBC

also predict survival after transplantation, their rela-
tive importance differs in the two models. This is re-
flected in the regression coefficients and the scoring
of the variables.

Despite slight short-term fluctuation and reversi-
bility, especially in the early stages, the PBC tends to
run a progressive course, which may accelerate in
the late stages. Even though GI bleeding, which is in-
cluded in the model for non-transplantation, may be
effectively treated, and the risk is thereby reduced,
further episodes will occur in many patients. Therefore,
Pl,on-,,unr-values should be given the same weight ir-
respective of whether GI bleeding is a contributing
variable or not.

Comparison of the two models in individual patients
shows that the predicted gain from transplantation
starts to become clinically important when Plnon-,,,n"
reaches values of about 2.5, corresponding to a pre-
dicted 6-month survival of about 0.85. With a further
increase in Pl.on-,.un., the predicted gain to be expected
following the transplantation increases further. Thus if
Plnon-,.on, >2.5, transplantation should ideally be done
within the following 6 months. However, consideration
of survival probabilities may be less relevant if the pa-
tient suffers from severe symptoms such as intractable
pruritus. In such cases the transplantation may be indi-
cated even il Pl^o.-trun" has not yet reached 2.5. That
such considerations have been made in some of the
transplanted patients is apparent in Fig. 3, where some
individual points fall below zero.

Although these results do suggest the optimal time
for transplantation, they do not and indeed cannot in-
dicate the optimal time for listing ol patients. The
length o[ time a patient waits for a liver will depend
on a number ol factors, including the size and weight
of the patient and the blood group. Furthermore, wait-
ing lists and their priority rules vary between centres
and between countries. Horvever, by knowing all the
factors which influence the waiting time and by ju-
dicious use ol prognostic models, it should be possible
for the clinician to determine more accurately the time
not only of transplantation but also of listing. Greater
understanding of when to list patients for transplan-
tation will also allow clinicians in non-transplant cen-
tres to refer patients for assessment at the appropriate
time (20).

Finally, prognostic modelling ihould not be con-
sidered the final truth but rather a supplementary tool,
the relevance of which rvill depend on the clinical situ-
ation in each individual case. There are many reasons
for referring patients for transplantation, end-stage
disease being only one. Nonetheless, comparison of
prognosis with and without transplantation provides a
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rational method, which allows the clinician to give ad_
vice on the"timing of transplantation and supports a
cost-effective use of a scarce and expensive resource.
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