Original Clinical Science—Liver

Factors Associated With Short- and Long-term
Liver Graft Survival in the United Kingdom:

Development of a UK Donor Liver Index
David Collett, PhD," Peter J. Friend, MD,? and Christopher J. E. Watson, MD®*

Background. A measure of donor liver quality, the donor liver index, was developed and validated for the UK population of
transplant recipients. Unlike previously proposed measures, this index is only based on variables that are available at the point
of retrieval, and so does not include cold ischemic time. Methods. Indices of liver quality were based on data from the UK Trans-
plant Registry on all 7929 liver transplants between January 2000 and December 2014. Results. The donor liver index (DLI) was
based on factors shown to affect graft survival, which included donor age, sex, height, type (donor after brain death or circulatory
death), bilirubin, smoking history, and whether the liver was split. A separate index (DLI1) looking at 1-year survival showed donor
cardiac disease, black ethnicity, and steatosis to be additional risk factors. A strong association was found between DLI and
whether or not a surgeon accepts an offered liver for transplant, with a marked fall in acceptance rates for livers with an index
greater than 1.31. Since 2000, there has been a notable reduction in the quality of livers transplanted, coupled with variation be-
tween the 7 UK liver transplant centers in risk appetite. Conclusions. The DLI is an index of liver quality which enables analysis of
the changing trends in liver quality and center behavior. DLI1 enables identification of factors affecting shorter-term survival, and

(Transplantation 2017;101: 786-792)

perhaps identifies a cohort of livers that may benefit from novel preservation technologies.

/

n 2006, Feng and colleagues' described factors that were
associated with the risk of failure of deceased donor liver
grafts in the United States, and developed a donor risk index
(DRI) to estimate the likelihood of graft failure based on
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parameters recorded at the time of transplantation. Subse-
quently, indices characterizing the chance of graft failure have
been developed for other donor organs in the United States,”™
as well as on donor populations from different countries.>®

Indices estimating the risk of graft failure can be used in
many ways. One such index, the kidney donor profile index
(KDPI), has been integrated into the new American kidney al-
location scheme,” matching kidneys which have been esti-
mated to have longer survival with younger patients. Donor
organ indices can also be used in monitoring changes in do-
nor organ quality over time, in assessing the attitudes of dif-
ferent transplant centers toward poorer quality organs, and
for risk-adjusting outcome data. They also have a potential
role in clinical trials of different preservation techniques, al-
though the presence of cold ischemic time (CIT) as a factor
in an index limits its utility in this respect.

One of the drivers to produce the liver DRI cited by Feng
et al was the worsening donor demographic, and the need
for a tool to properly inform a decision to use or not use a do-
nor liver. Although being able to predict a poor graft survival
is useful, and may inform recipient selection, a number of po-
tentially useable livers remain unused; in 2014 in the United
States, 9.6% of donor livers recovered from deceased donors
were not transplanted.® Novel liver preservation technologies
involving hypothermic or normothermic perfusion may en-
able some of the hitherto unused livers to be transplanted,
and an accurate index predicting graft survival may be a use-
ful tool to identify those donor livers that would benefit most
from a period of ex vivo assessment and “resuscitation.”*1°

The liver DRI developed by Feng et al' is applicable to the
US donor population, but is not readily transferable to popu-
lations in other countries. Moreover, the inclusion of a factor
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relating to cold ischemia makes it less useful as an indicator
of liver quality at the time of retrieval. It was with these
limitations in mind that we developed a UK index of liver
“quality,” called the UK donor liver index, which related
to the point of retrieval without reference to ischemic
times. In this article, we describe the development, valida-
tion, and uses of an index based on data held by the UK
Transplant Registry.

MATERIALS AND METHODS

Data from all first liver transplants from deceased donors
between January 1,2000, and December 31,2014 were iden-
tified from the UK Transplant Registry. Recipients younger
than 16 years and recipients of heterotopic, auxillary and
blood group incompatible transplants were excluded. Donor,
recipient, and transplant data were used to identify factors as-
sociated with 1-, 2-; 5-; and 10-year graft survival. Variables
recorded by the registry that were considered to possibly in-
fluence the outcome of a liver transplant are detailed below.

Donor Variables Included in Model

Donor variables: age, sex, ethnicity, cause of death, donor
type (donor after circulatory death [DCD], donor after brain
death [DBD]), split or partial liver, height, weight, body mass
index, body surface area (Du Bois formula'?), blood group.
In addition positive or negative past history of the following
items, recorded at the time of donor evaluation, were also
included: cardiac disease, diabetes mellitus, cytomegalovi-
rus (CMV), hypertension, malignancy, drug abuse, alcohol
abuse, smoking, cardiac or respiratory arrest, and inotrope
use. The following biochemical variables, recorded at the
time of referral, were included: y-glutamyl transferase, ala-
nine aminotransferase, aspartate aminotransferase, sodium,
bilirubin, alkaline phosphatase, creatinine, international
normalized ratio (INR), potassium, blood urea nitrogen
and albumin. Lastly, the presence of capsular damage,
steatosis, and the surgeon's subjective opinion of the liver
(healthy or suboptimal) were also included.

Recipient and Transplant Factors Used for Adjustment

Donor factors were adjusted for the following transplant
and recipient factors: CIT, retrieval team (whether or not
the retrieval team and transplant team are from the same
center); ABO compatibility (0 =no, 1 = compatible, 2 = iden-
tical), and recipient age, gender, ethnicity (1 = white,
2 = Asian, 3 = black, 4 = other), height, weight, blood group
(O, A, B, AB, but not included in model as donor blood
group and ABO compatibility were both present), body
mass index, surface area, urgency status at transplant (elec-
tive or super-urgent), diagnosis (10 groups), CMV status
and donor recipient CMV match, previous abdominal sur-
gery, bilirubin, albumin, creatinine, sodium, INR, ventila-
tion prior to transplantation, renal support (whether on
dialysis or not), inpatient or not, lifestyle activity score, en-
cephalopathy grade, presence of ascites, whether on diuretic
therapy, presence of oesophageal varices, presence of a shunt
for varices (none, surgical shunt, transjugular portosystemic
shunt), presence of sepsis prior to surgery, intraoperative
blood requirement, whether a Roux-en-Y biliary anasto-
mosis, the transplant center, and the era (2000-2003,
2004-2007,2008-2011, 2012 onward).
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Factors Excluded From Model

Where variables were not recorded in at least 50% of po-
tential donors, they were omitted from the modeling process,
because an index including them would be of little practical
value. These potential variables were donor aspartate trans-
aminase, INR, sodium, potassium, urea, creatinine and also
whether the recipient had a shunt for varices.

Modeling and Imputation

The data set was randomly split into a modeling set com-
prising 70% and a validation data set comprising 30%. Plots
of martingale residuals for a null Cox regression model were
used to determine whether any of the continuous variables ex-
hibit non-linearity.'* There was no evidence of this, and so all
variables were taken to be linear in the modeling process.

There were many missing observations in the modeling
data set, and so multiple imputation based on chained equa-
tions was used to impute for missing values in 20 copies of
the modeling data set.'®> Missing data were estimated from
logistic regression for binary variables, cumulative logistic
regression for ordinal variables, a discriminant function
approach for categorical variables, and linear models for
continuous variables. Some variables (Donor albumin, bili-
rubin, alanine aminotransferase, y-glutamyl transferase, alka-
line phosphatase; Recipient INR, bilirubin, creatinine) were
log transformed to account for skewness and ensure that im-
puted values were nonnegative. Donor and recipient CMV
status were imputed separately and CMV match status calcu-
lated from these. All variables featured in each of the models
for the imputed variables. Additionally, the unadjusted cumu-
lative hazard function at the graft survival time of the recipient
and the event status variable were incorporated.'® The distri-
butions of values of the variables in the 20 imputed data sets
were compared with those in the original data set and found
to be very similar. Imputation was not necessary for the valida-
tion data set.

To identify relevant donor factors to use in an index
predicting graft survival, all recipient and transplant factors
were included in a Cox regression model for the recipient
graft survival times. A stepwise variable selection process
was used with each imputed data set to identify donor fac-
tors, using a 20% significance level for inclusion and a
10% significance level to subsequently remain in the model.
Variables that were selected for inclusion in at least 10 of
the 20 different imputed data sets were considered for adop-
tion in the final index. In a supporting analysis, all 20 im-
puted data sets were stacked and stepwise selection of the
donor factors after fitting all recipient and transplant factor
was carried out using weights of 0.05." The selected vari-
ables were very similar to those chosen from the previous ap-
proach. Models were further refined using the log likelihood
ratio statistic and Akaike’s Information Criterion to deter-
mine whether the more marginal terms could be eliminated.
The chosen model was then fitted to each imputed data set
and the results combined to account for variation between
the 20 imputed data sets.

Consistency of Factors Predicting Graft Survival
Over Time

Some donor factors are more likely to affect short term sur-
vival, while others continue to have an impact on long term
survival. To determine donor factors that were indicative of
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Donor factors associated with graft survival, showing the
hazard ratio, 95% confidence limits and the corresponding
P value

Donor factor Hazard ratio 95% confidence limits P

Age 1.009 (1.005, 1.014) <0.001
Type (DCD) 1.890 (1.517, 2.353) <0.001
Split liver (split) 1.600 (1.244, 2.057) <0.001
Smoking history (+) 1.170 (1.031, 1.327) 0.015
Height 0.987 (0.980, 0.994) <0.001
Sex (female) 0.823 (0.702, 0.965) 0.017
Bilirubin 1.009 (1.001, 1.018) 0.036

This table shows that the risk of graft loss associated with a donor liver increases with increasing donor
age and bilirubin, and decreases with increasing donor height. Livers that are split, livers from DCD
donors, smokers and males have greater risk of failure.

short-term, medium-term, or longer-term survival, graft sur-
vival times in the modeling data set were censored at 1, 2, 5,
and 10 years to give indices based on survival to these times.

Association Between Donor Liver Index and
Acceptance of Livers for Transplantation

The association between the values of the index with offer
acceptance and transplantation was explored for a cohort of
2274 potential solid organ donors where a liver had been of-
fered for transplant between January 1,2015, and March 31,
2016. Information on whether the liver was split was only
available for livers that were accepted for transplant. Because
livers from donors aged 40 years or older are not offered for
splitting in the UK, this analysis was restricted to potential
donors in this age group. Rates were compared using x>
tests. The relation between the probability of an offered liver
being accepted and values of the donor liver index were exam-
ined using logistic regression models. Linear regression model-
ing was used to determine the significance of trend in the index
over time and to compare the slopes between centers.

Model Validation

The index obtained from the modeling process was val-
idated on 30% of the data by assigning transplant recipi-
ents to 4 groups defined by the quartiles of the index
distribution in the modeling data set. The Kaplan-Meier
estimate of the survivor function is obtained for each
group, and compared using the log rank test. Cox regres-
sion modeling was used to determine the significance of
differences in adjusted hazard ratios between the groups.
The association between the index and other measures
was assessed using Pearson correlation coefficient.

All data management and analysis was carried out using

SAS 9.3 (SAS Institute, Cary, NC).

RESULTS

The final dataset from 7929 liver transplant recipients
was randomly divided into a modeling set comprising
5586 observations and a validation set comprising the
remaining 2343.

Donor Quality Index

The relevant donor variables identified were donor age,
sex, type, height, bilirubin, smoking history, and whether
the liver was split. A Cox regression model containing these
variables and all the recipient and transplant factors was
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then fitted to each of the 20 imputed data sets, and the esti-
mated coefficients of the variables in the index were com-
bined to give a donor liver index (DLI). The resulting
estimates adjusted for all the recipient and transplant factors
under consideration, together with hazard ratios and their
confidence limits, are shown in Table 1.

The index was obtained from the coefficients of the vari-
ables in the model, adjusted so that a DLI of 1.0 is obtained
for a whole liver from a male DBD donor aged 45 years;
height, 170 cm (67 in.); bilirubin, 10 pmol/L; and who is a
nonsmoker. The resulting index is:

DLI = exp{ 1.6775 + 0.009179 age - (0.1948 if fe-
male) + (0.6363 if DCD) + (0.4697 if split liver) - 0.01283
height (cm) + (0.1570 if smoker) + 0.009019 bilirubin }.

The quartiles of the distribution of DLI values in the
modeling data set are 0.94, 1.10, 1.31, and the distribution
of DLI values in this data set is shown in Figure S1,
SDC, http://links.lww.com/TP/B375.

Consistency of Factors Over Time

Using a similar variable selection routine, but with graft
survival censored at 1 year, the variables associated with
1-year graft survival (DLI1) were donor type, whether liver
is split, height, history of cardiac disease, bilirubin, presence
of steatosis, smoking history, and ethnicity. The ethnicity ef-
fect was due to a greater hazard of graft failure for black do-
nors relative to the other groups, and so ethnicity was
redefined as a binary factor. The possibility that this was a
proxy for blood group differences was excluded.

The corresponding donor liver index for 1-year graft
survival (DLI1) was

DLIT = exp{ 2.3159 + (0.9106 if DCD) + (0.7140 if split
liver) - 0.01434 *(height (cm)) + (0.3058 if history of cardiac
disease) + (0.2545 if steatosis present) + 0.01222 x (bilirubin
(umol/L)) + (0.1736 if positive smoking history) + (0.6453 if
ethnicity is black) }.

The corresponding quartiles of the distribution of DLI1
values are 1.12, 1.36, and 1.82. Livers at higher risk of failure

1.0

Estimated survivor function

0.7 % T r r r r
0 2 4 6 8 10

Survival in years

FIGURE 1. Graft survival posttransplant in the validation set of
1750 liver transplants according to DLI quartile (DLI < 0.94,
0.94 <DLI<1.10,1.10 < DLI < 1.31, DLI 2 1.31). The DLl is able
to discriminate between different levels of risk where the DLI is
greater than the upper quartile of 1.31. Survival is lowest in this group
but there are no significant differences between the survival estimates
for the 3 groups with DLI values less than 1.31.
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FIGURE 2. Graft survival posttransplant in the validation set
according to DLI1 quartile (DLI < 1.12, 1.12 < DLI < 1.36,
1.36 < DLI < 1.82, DLI = 1.82). The DLI1 is able to discriminate high
risk quartile livers (DLIT > 1.82) with the lowest survival rates from
the other 3 quartiles, particularly at early survival times.

within the first year would be those with a DLI1 value greater
than 1.82.

A similar process was undertaken for 2-year graft sur-
vival, where the donor factors were type, split liver, age,
height, sex, bilirubin, cardiac disease, smoking, and ethnic-
ity. At S years, the factors were type, split liver, age, height,
cardiac disease, bilirubin, smoking and ethnicity, and at
10 years donor type, split liver, age, sex, height, bilirubin,
smoking, ethnicity.

Most factors were common to all models, but steatosis was
also associated with 1-year graft failure, and a positive his-
tory of cardiac disease was associated with graft survival up
to S years.

Validation of the DLI

The index could be obtained for 1750 (75%) of the inde-
pendent set of 2343 recipients; missing values for donor bili-
rubin accounted for most of this shortfall. Figure 1 shows the
Kaplan-Meier survivor estimate by DLI quartile. The index
is best able to discriminate livers with an index greater than
the upper quartile of DLI values from the rest. On fitting a
Cox model containing DLI group, the c-statistic is 0.55.

Collett et al 789

The corresponding adjusted hazard ratio for livers in the
low quality group (DLI > 1.31), relative to those of high qual-
ity (DLI < 0.94) is 2.86 (P < 0.001), suggesting that recipients
of high risk livers have nearly a threefold increase in the risk
of graft failure at any time, compared to those who receive a
low risk liver.

A similar validation process was performed for 1-year
graft survival predicted by DLI1 (Figure 2). This index was
also able to discriminate high risk livers (DLI1 > 1.82) from
lesser risk livers, particularly at early survival times.

Association Between DRI and Acceptance of Livers
for Transplantation

Of the potential liver donors in the 15 month period from
January 2015, a DLI value could be calculated for 986 aged
40 or more. Of livers offered in this cohort, 93% of low or
moderate risk livers (DLI < 1.31) were accepted for trans-
plant, whereas 49% of high risk livers (DLI > 1.31) were
accepted. Of those accepted, 89% of the low-risk or
moderate-risk livers were transplanted, compared to 70%
of the high risk livers. The corresponding utilization rates
were 83% for low risk livers and 34% for high-risk livers.

Figure 3 shows the DLI for livers that were offered and
for those that were accepted. Livers accepted for trans-
plantation have a significantly lower mean DLI (P < 0.001)
and there was a clear tendency for livers of higher quality
to be transplanted (P < 0.001). A similar pattern is found
using DLI1.

The average model for end-stage liver disease (MELD)
scores for recipients of high-quality and low-quality livers
were 17.4 and 16.1, respectively (P = 0.06). There was a sig-
nificant association between primary disease and liver quality
(P < 0.001); patients with acute liver disease are more likely
to receive a high quality liver. The proportions of recipients
with a hepatocellular carcinoma (HCC) were very similar in
the 2 groups.

Probability of an Offered Liver Being Accepted

In both DLI and DLI1, the higher the quality, the greater is
the probability of a liver being accepted. The fit of the logistic
model was substantially improved by using a natural cubic
spline with 4 knots for the DLI values. The fitted relationship
between probability of acceptance and DLI value, together
with 95% confidence bands, is shown in Figure 4, for
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FIGURE 3. Box plots showing the distribution of the DLI indices for all donors (A) where the liver was offered and either accepted or not ac-
cepted for transplant and (B) whether the accepted livers were subsequently transplanted.

Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.



790 Transplantation m April2017 = Volume 101 m Number 4

0.8

0.6 1

0.4

Probability of acceptance

0.2

0.0+ T T

UK Donor Liver Index

FIGURE 4. The probability of an offered liver being accepted for
transplant by DLI, with 95% confidence bands shown as dashed
lines.

which the ¢-statistic is 0.81. This shows how the probabil-
ity of acceptance declines rapidly for livers with a DLI that
exceeds 1.31.

Trends Over Time

Trends in the index are explored for transplants carried
out since January 1, 2000, where the DLI can be calculated.
Although our index excludes CIT, it is highly significantly as-
sociated with CIT (P < 0.001), in that higher-quality livers are
more likely to be used in transplants where the CIT is longer.

Figure 5 shows a plot of yearly mean DLI values for each
UK transplant center. There was a clear trend in DLI values
over this period (P<0.001), with average DLI increasing from
1.04 in 2000 to 1.30 in 2015. The DLI values also varied sig-
nificantly between centers (P < 0.001), with 2 centers gener-
ally using livers of lower average quality throughout this

UK Donor Liver Index

0.9
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period. Other centers increased their use of lower quality
livers around 2007, corresponding to an increase in DCD
transplants. There was no evidence of centers exhibiting dif-
ferent patterns over time (P = 0.58).

Comparison With Other Liver Donor Risk Indices

A comparison of the performance of the Feng index' with
the DLI can only be based on donor livers where the CIT is
known, which means that the livers would have been
transplanted. With this proviso, and by assuming livers were
regionally allocated, a Feng DRI was calculated and com-
pared with the DLI on the cohort of potential liver donors
since January 1, 2015 (Figure 6). The Feng index generally
has higher values than DLI and the correspondence between
the 2 indices is less at larger values of the DLI. However, the 2
indices are generally consistent in their ranking of donor risk,
with a correlation coefficient of 0.77 (P < 0.001). Compari-
son was also made with the Eurotransplant DRI’ The rela-
tionship was similar to the relationship with the Feng DRI
with a correlation 0.75 (P < 0.001).

DISCUSSION

Analysis of the UK Transplant Registry has identified
donor age, height and sex, bilirubin, a history of smoking,
donor type (DCD or DBD), and use of a split liver as fac-
tors at the point of referral which influence graft survival
posttransplant in the UK. The derived index was able to
discriminate livers with good survival from those with
poor survival. Further analysis showed that some factors
were more important in short-term graft survival as op-
posed to long-term graft survival. Steatosis and history of
cardiac disease were more important in predicting short-
term graft failure than donor age and sex, but those factors
were more important in long-term graft survival.

Although the index shows good correlation with the indi-
ces derived by Feng et al' on US data, and that of Braat et al®

2000 2003 2006

2009 2012 2015

Year of transplant
FIGURE 5. Yearly mean DLI values from 2000 for each UK liver transplant center. Different line styles are used for each of the 7 centers. The

fitted linear regression model is also shown.
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FIGURE 6. Scatter plot showing the correlation between the Donor
Risk Index of Feng et al' and the DLI.

on Eurotransplant data, it differs from them in important
ways. In particular, it has been derived from the UK popula-
tion, but as the index is comparable to other proposals, it
has the potential to be used in other countries. The DLI is
derived from data available at the time the organ is offered,
and does not include CIT. This permits assessment of liver
quality per se, without the confounding effects of cold ische-
mia, effects that may change with the advent of novel
preservation technologies.

We found small differences in disease severity at trans-
plant, based on the MELD score, for recipients of high and
low quality livers. There was no difference in the proportions
transplanted for HCC. This suggests that the survival advan-
tage of recipients of high quality livers is not due to livers be-
ing allocated to those who are less sick at transplant, or to
HCC patients who tend to survive longer. Consequently,
the selective use of organs for transplant cannot be explained
by selection bias with respect to the recipients.

An index such as the one described here is necessarily
based on data normally collected and so is a realistic basis
for clinical decision making. Although one of the important
determinants of liver function posttransplant is the degree
of steatosis, neither this nor the other commonly used indices
include a direct measure of fat content. It is noteworthy that
the effect of steatotic appearance on outcome is most promi-
nent in the first year. The second limitation is that the index
uses biochemical values at a single time point, that is, the time
of referral as a donor. This may miss important changes, such
as falling transaminases following a period of ischemia. A
third limitation is the necessary use of categorical values to
describe potentially complex situations. Hence, a preadmis-
sion donor cardiac arrest that lasted for 2 minutes with im-
mediate resuscitation is classified similarly to one where
there was a significant asystolic period before resuscitation
was begun, with possible associated ischemic biliary and pa-
renchymal damage. Similarly, donation after circulatory
death covers a number of different scenarios from the donor
who suffers a circulatory death immediately treatment is
withdrawn to one who may have a prolonged period of hy-
potension and hypoxemia prior to arrest.'® The effect of
DCD donation on outcome should also be considered in
the context of UK practice: all DCD donors are controlled
donors (Maastricht ITl or IV),!” and no prior treatment such
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as heparinization or cannulation is permitted; following cir-
culatory arrest there is a mandatory period of 5 minutes be-
fore death can be verified, and organ recovery begun.

Donor risk indices have been criticized because they may
not properly account for interactions between specific do-
nors and recipient diseases. In liver transplantation it is
recognized that hepatitis C—positive recipients have a dis-
proportionately poorer outcome when they receive older
or steatotic grafts, or in the presence of donor specific an-
tibodies.'®2% The advent of new treatments for hepatitis
C means that the disproportionate effects of this disease are
unlikely to persist in the future, as patients are either cleared
of hepatitis C while waiting, or soon after transplant.

One of the potential values of an index of liver quality is in
recipient selection. Although all recipients benefit from a
good quality liver, there remains the question of how best
to use a poorer quality liver,”!"** particularly if the decision
is to transplant it into a patient with a high MELD score in
whom the decision may be between the risk of death on the
waiting list and risk from a suboptimal liver. Survival benefit
may favor use of a poorer quality liver, if that is the one avail-
able, rather than prolong waiting in anticipation of a better
offer.”*** One of the advantages of developing an index of
donor liver quality is that it will enable modeling to support
the best allocation of such a liver.

Lastly, it should be remembered that the donor liver index
describes the risk of graft failure based on donor factors, and
not the risk from the donor per se. It does not, for example,
include any reference to the risk of donor transmitted infec-
tion or malignancy, either of which may affect patient or graft
survival. For that reason, we have called our index an index
of liver quality, although we acknowledge that other factors
such as steatosis which may affect graft outcomes (and there-
fore “quality”) are not directly accounted for.
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