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The evolution of kidney allograft survival remains
insufficiently studied in the context of the changing donor
and recipient demographics. Since European data are
lacking we performed a cohort study (1986-2015) that,
based on the Collaborative Transplant Study, included 108
787 recipients of brain-death kidney donors in 135
hospitals across 21 European countries. We analyzed the
hazard rate of kidney failure after transplantation. Between
1986 and 1999, improvement in graft survival was more
pronounced in the short term than in the long term: one-,
five- and ten-year hazard rates after transplantation
declined 64% (95% confidence interval, 61%–66%), 53%
(49%–57%) and 45% (39%–50%), respectively. Between
2000 and 2015, hazard rates at one, five and ten years post-
transplant declined respectively 22% (12–30%), 47%
(36–56%) and 64% (45–76%). Improvement in graft survival
in the first five years post-transplant was significantly less
since 2000, while improvement after five years was
comparable to before. During the 2000-2015 period
improvement of graft survival was greater in the long than
in the short term. These changes were independent of
changing donor and recipient characteristics, and reflect
the evolution in global kidney transplant management
over the past decades. Unfortunately, after accounting for
the evolution of donor and recipient characteristics, we
found that short-term improvement in graft survival
decreased since 2000, while long-term improvement
remained unchanged in Europe. Thus, deceleration of
short-term graft survival improvement in more recent years
illustrates an unmet need for innovation.
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O ver the past decades, improvement of graft survival
after kidney transplantation has mainly been attrib-
uted to better prevention of acute rejection by the

introduction of novel immunosuppressive agents such as
cyclosporine in the 1980s and mycophenolate mofetil and
tacrolimus in the 1990s.1–3 Whereas acute rejection is the
main barrier for the short-term success of a transplantation,
late graft failure is a multifactorial phenomenon.1,2

United States registry data illustrated that between 1989
and 2009, graft survival after kidney transplantation mainly
improved in the short term, while only very modest
improvement was observed in the long term.4–6 Because the
European and American transplantation reality and survival
times differ considerably, with 5-year graft survival rates of
77% in Europe versus 62% to 73% in the United States
(US),7,8 it remains unclear whether the evolution of allograft
survival observed in the US is also valid in Europe.

In this study, we assessed the evolution of kidney sur-
vival after transplantation over the past 3 decades in
Europe, both in the short and the long term after trans-
plantation, while accounting for the changes in donor and
recipient characteristics over time. Indeed, it is well known
that the donor and recipient demographics have changed
considerably over the past decades: increasingly older
donor kidneys are transplanted in increasingly older
recipients with increasing comorbidities.9,10 While others
have examined certain categories of donor and recipient
age5 or created low- and high-risk (age) groups,4 we cor-
rected our analyses for the demographic variables in their
most granular form.
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RESULTS
Demographics
Of the 108,787 transplantations, 32,956 patients (30.3%)
experienced kidney failure. Table 1 describes the de-
mographics of our cohort, categorized by decade of year of
transplantation. Over the past 3 decades, donors and re-
cipients were getting increasingly older at the time of trans-
plantation (Spearman correlation with decades of 0.37 and
0.28, respectively; P < 0.001 for both). This reflects the
known evolution of clinical transplantation practice, but also
shows the importance of correcting our inferences for these
subject-specific characteristics. Supplementary Table S1 de-
scribes the use of immunosuppressive regimens across the
decades.

Transplantation decade and Kaplan-Meier graft survival
A Kaplan-Meier survival plot (event ¼ kidney failure after
transplantation) analyzed per decade of transplantation is
presented in Figure 1. We noticed improvement from the first
(1986–1995) to the second (1996–2005) decade, and to a
somewhat lesser extent from the second to the last decade
(2006–2015). The actual 1- and 5-year death-censored graft
survival rates were, respectively, 86.8% and 74.6% in patients
transplanted between 1986 and 1995, 91.1% and 82.5% in
patients transplanted between 1996 and 2005, and 92.0% and
84.4% in patients transplanted between 2006 and 2015 (log-
rank test P < 0.001). However, as this analysis did not take
into account other covariates and demographic changes that
occurred over time (Table 1), more detailed survival modeling
was warranted.

Year of transplantation and the hazard of graft failure
In order to evaluate the strength of the association between
transplant (calendar) year and the hazard of graft failure, we
first fitted a simple Cox model, stratified by transplant center.
This yielded a highly significant (P < 0.001) estimate of –0.03
with a hazard ratio of 0.97 per year (95% confidence interval
[CI], 0.968–0.972]. This univariate model illustrated that the
hazard of graft failure diminished significantly, with 3% per
Table 1 | Demographics of the kidney transplants from deceased

Decade of year of transplantation
Total

(n [ 108,787)

Censored, n (%)a 75,831 (69.7)
Female recipient gender, n (%) 41,154 (37.8)
Female donor gender, n (%) 44,386 (40.8)
Recipient age, mean (SD) 48.07 (13.24)
Donor age, mean (SD) 45.75 (15.55)
Repeated transplants, n (%) 17,143 (15.8)
PRA%, mean (SD) 6.09 (17.06)
Time on dialysis in months, mean (SD) 54.57 (52.03)
ECD, n (%)b 25,559 (24.2)
Cold ischemia time in hours, mean (SD) 19.13 (7.61)
HLA mismatches, mean (SD) 2.84 (1.43)

ECD, expanded criteria donor; HLA, human leukocyte antigen; PRA, panel-reactive antib
aPatients were censored at time of loss to follow-up, at time of death with a functionin
bFrequency is based on 105,512 transplantations.
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calendar year, between 1986 and 2015. This implies that the
hazard of graft failure would have decreased by 59% over the
30-year period of our study. Although this model did not
account for other covariates, and assumptions were not
thoroughly checked, we used this estimate and its significance
as a benchmark for our future models, presented below.

In the multiple model, the effect of transplant year was
conditioned on the age of donors and recipients, the rank of
transplantation, the number of human leukocyte antigen
(HLA) mismatches, and the percentage of panel-reactive an-
tibodies (PRA), parameters that were recorded since the
beginning of the study. In Figure 2 the fitted natural cubic
spline effects are shown for each independent variable.
Graphically, the effect of transplant year suggested a linear
decrease of the log hazard ratio of graft failure, with a less
pronounced decline since 2000 (Figure 2a). In order to model
this nonlinearity, we fitted a broken stick11 with a knot at the
year 2000. This first multivariate model (Supplementary
Table S2) thus illustrated that there was linear improvement
in graft survival from 1986 to 1999, and that there was less,
but still significant, improvement between 2000 and 2015.

Concerning the effect of donor age, we observed that the
effect on the (log) hazard of graft failure showed a quadratic
trend. Increasing donor age increased the slope of its effect
(Figure 2b). Figure 2c shows the nonlinearity of the effect of
recipient age: the hazard of graft failure was higher in lower
age categories and flattened at approximately 55 years. As
suggested by the wide confidence bounds, the increase in log
hazard ratio in recipients older than 68 years should not be
over-interpreted, so that the effect could be appropriately
modeled by using the inverse of recipient age. The number of
HLA mismatches and the percentage of PRA showed linear
and logarithmic trends, respectively, and were included
accordingly (Figure 2d and e).

Next, we evaluated the interactions of transplant year with
the rank of transplantation, donor and recipient age, and the
interaction of donor age with recipient age. All interactions
were significant (P < 0.001, ¼ 0.001, < 0.001, and < 0.001,
respectively), indicating that the hazard improvement per
brain-death donors (N [ 108,787) included in this study

1986–1995
(n [ 42,868)

1996–2005
(n [ 39,538)

2006–2015
(n [ 26,381)

24,644 (57.5) 28,516 (72.1) 22,671 (85.9)
16,266 (37.9) 15,056 (38.1) 9832 (37.3)
15,482 (36.1) 16,751 (42.4) 12,153 (46.1)
44.05 (12.50) 48.64 (12.85) 53.74 (12.75)
39.42 (13.89) 47.15 (14.83) 53.95 (14.80)
6368 (14.9) 6502 (16.4) 4273 (16.2)
6.91 (18.22) 5.74 (16.37) 5.26 (16.01)
46.42 (46.29) 58.12 (55.64) 62.53 (53.55)
3664 (9.1) 10,251 (26.2) 11,644 (44.5)
22.57 (7.87) 18.21 (6.68) 14.67 (5.51)
2.60 (1.31) 2.83 (1.44) 3.24 (1.52)

odies.
g graft, or at January 24, 2017.
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Figure 1 | Kaplan-Meier curve of kidney allograft survival (censored for recipient death), per decade of transplant year.
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calendar year partly depended on the age of donors and re-
cipients and on the rank of transplantation. However, as
Supplementary Figure S1 shows, these dependencies were
very small and did not influence our main conclusions rele-
vantly. Given this and the large power inherent to our data
set, we decided to omit these interaction effects from further
analyses.

With regard to proportionality, we checked the smoothed
plots of the Schoenfeld residuals, provided in Supplementary
Figure S2. The plots of transplant year, transplant year slope
adjustment since 2000, donor age, and reciprocal recipient
age suggested small deviations from proportionality. Hence,
we concluded that a flexible time-by-covariate interaction for
the first 2 effects and an interaction with the natural loga-
rithm of posttransplant time for the latter ones were needed.

Flexible modeling of the association between transplant year
and graft failure
For the flexible time dependency of the effect of transplant
year on graft outcome and its slope adjustment since 2000,
the lowest Akaike information criterion, and thus the best fit,
was obtained using 5 knots for both effects. This showed that
the effect of transplant year on graft outcome, and its linear
adjustment since the year 2000, are indeed time-dependent.
The functional form of the time dependency
(Supplementary Figure S3A) suggested that before 2000
improvement in graft survival has remained constant from
0 to approximately 3 years after transplantation, after which it
started decelerating and eventually leveling out from 7 years
after transplantation and onward. Since the year 2000,
improvement in graft survival has remained constant from
Kidney International (2018) -, -–-
0 to approximately 3 years after transplantation, but then
started accelerating until approximately 10 years after trans-
plantation (Supplementary Figure S3B). We also included the
possible time dependencies of the effects of donor age and
reciprocal recipient age via an interaction with the natural
logarithm of time (P ¼ 0.060 and P < 0.001, respectively). As
only the interaction with recipient age was significant, we
solely withheld this time dependency, leading to the conclu-
sion that the effect of recipient age on graft failure was larger
in the long term than in the short term after transplantation.

The final model is presented in Table 2. The parameter
estimates of the year of transplantation, its slope adjustment
since 2000, and recipient age need to be interpreted together
with their time dependencies. Figure 3 and Supplementary
Figure S4 illustrate the hazard ratio of graft failure for
transplant year, including its time dependency. This showed
that during the period of 1986 to 1999, improvement in graft
outcome after kidney transplantation was greatest in the early
years after transplantation, with less improvement late after
transplantation. In addition, this model illustrated that
significantly less improvement in graft survival was obtained
during the first 5 posttransplant years from 2000 onward,
while there was no difference in improvement in the longer
term. Thus, between 2000 and 2015, improvement in graft
survival per transplant (calendar) year was more pronounced
in the long term than in the short term after transplantation.

Translated into concrete examples, the final model illustrated
that at 1-year after transplantation, a 64% (95% CI, 61%–66%)
decline of the hazard rate of graft failure was observed from1986
to 1999. The hazard rate of graft failure at 5 and 10 years after
transplantation declined 53% (95% CI, 49%–57%) and 45%
3



Figure 2 | Effect plot of (a) transplant (calendar) year, (b) donor age, (c) recipient age, (d) human leukocyte antigen (HLA) mismatches,
and (e) panel-reactive antibodies (PRA) expressed on the log hazard ratio of graft failure. The log hazard ratio is the natural logarithm
of the hazard ratio. The plots show the increase or decrease of the log hazard ratios with increasing covariate values. From this, we were able
to find the functional form of the covariate effects. A straight line indicates a linear effect. The plots allowed us to accommodate violated
linearity assumptions and should be used for this purpose solely. Log hazard ratios should not be interpreted as an absolute quantity:
exponentiation is needed to arrive at the hazard ratios. HLA-AþBþDR mismatches, human leucocyte antigen A þ human leucocyte antigen
B þ human leucocyte antigen DR mismatches. (Continued)
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Figure 2 | (Continued).
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(95% CI, 39%–50%), respectively, in the same time period
(1986–1999). From 2000 to 2015, hazard rates of graft failure at
1, 5, and 10 years after transplantation declined, respectively,
22% (95%CI, 12%–30%), 47% (95%CI, 36%–56%), and 64%
(95% CI, 45%–76%). These conclusions were conditional on
donor age, recipient age, transplant rank, number of HLA
mismatches, and percentage of PRA.

Sensitivity analysis
Whereas our conclusions were drawn adjusting for donor age,
other aspects of donor organ quality could also be of importance
for graft outcome. We therefore performed a sensitivity analysis
on the subset of transplantations with expanded-criteria donor
kidneys only (n ¼ 25,559). Due to missingness and high
collinearity with donor age (Spearman correlation 0.72, P <
0.001), this parameter could not be included in the main anal-
ysis. The sensitivity analysis on the expanded-criteria donor
kidney transplants confirmed a similar pattern of improvement
of graft outcome over time (Supplementary Figure S5), fully
Kidney International (2018) -, -–-
corroborating the aforementioned conclusions. A second
sensitivity analysis was performed on an imputed dataset (n ¼
144,593), assuming missing at random, and including the
covariates cold ischemia time,waiting time ondialysis, and cause
of donor death (trauma, cerebrovascular accident, or other).
Again, the improvement patternwas confirmed (Supplementary
Figure S6).

DISCUSSION
We investigated the evolution of the hazard of kidney trans-
plant failure in Europe over the past 3 decades, taking into
account the changes in donor and recipient characteristics
that occurred in this period. We had complete data on
108,787 transplantations and analyzed the hazard of losing a
kidney after transplantation via a stratified Cox model with a
flexible time-dependent effect. By testing and accommodating
the 2 underlying assumptions of the Cox model, namely
linearity and proportionality, we drew 4 very important
conclusions. First, and most importantly, we demonstrated
5



Table 2 | Final Cox model for death-censored graft failure

Parameters

Final model

Estimates (SE) P value
Hazard ratio

(at day 0 posttransplant)

Transplant year (per yr) –0.06 (0.003) <0.001 0.94
Transplant year slope adjustment since 2000 0.03 (0.006) <0.001 1.03

Slope of year of transplantation since 2000 _a _a 0.97
Donor age –0.002 (0.002) <0.001 _b

Donor age2 2.70*10–4 (2.23*10-5) _b

1/Recipient age 12.13 (1.14) <0.001 1.84*105

Number of HLA-AþBþDR mismatches 0.08 (0.004) <0.001 1.08
Ln(PRA) 0.07 (0.004) <0.001 1.07
Repeat transplantation 0.33 (0.02) <0.001 1.39
Transplant year � spline(time) _c <0.001 _d

Transplant year slope adjustment since 2000 � spline(time) _c <0.001 _d

(1/Recipient age) � ln(time) 6.31 (0.65) <0.001 _d

HLA-AþBþDR mismatches, human leucocyte antigen A þ human leucocyte antigen B þ human leucocyte antigen DR mismatches; Ln, natural logarithm; PRA, panel-reactive
antibodies.
The model describes the parameter estimates, hazard ratios and their P values after correcting for non-linearity, interactions, and the proportionality assumption.
aThese values could not be calculated because these estimates were dependent on time after transplantation. The hazard ratio of transplant year is provided graphically in
Figure 3.
bThese hazard ratios were not calculated because they were dependent on their transformation (quadratic term).
cThese values consist of 4 estimates (spline with 5 knots) that cannot be interpreted as such. The hazard ratio of transplant year is provided graphically in Figure 3.
dHazard ratios are reported at day 0 posttransplant. Because these terms are used to model the time dependency of the hazard ratios, they are undefined at day 0.
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that there has been improvement in graft outcome during the
period of 1986 to 1999 and also since 2000, but significantly
less in the second period. Second, although there has been
improvement both in the short and in the long term after
transplantation, between 1986 and 1999 the latter improved
less, which is in concordance with the general observations
Figure 3 | Hazard ratio of graft failure per transplant (calendar) yea
between 2000 and 2015. The black line shows the hazard ratio from 198
Before 2000, improvement of graft outcome per transplant (calendar) ye
there was significantly less improvement during the first 5 posttranspla
difference in improvement of the hazard of graft failure before 2000 ve
transplanted before 2000 and data beyond 10 posttransplantation years
graph due to the increased uncertainty beyond these limits, which is ill
ratios observed beyond these limits).

6

based on the (American) Scientific Registry of Transplant
Recipients database.4–6 Third, we found that the cause of
decreased improvement since 2000 was mainly due to dif-
ferences in the short term after transplantation and that,
within this period, improvement was larger in the long term.
Fourth, the improvement we observed over time before 2000,
r, by posttransplantation time, between 1986 and 1999 and
6 to 1999, and the red line shows the hazard ratio from 2000 onward.
ar mainly occurred in the first 5 years after transplantation, whereas
nt years since 2000. After posttransplantation year 5, there was no
rsus after. Data beyond 20 posttransplantation years for the patients
for the patients transplanted since 2000 were not provided in this

ustrated in Supplementary Figure S4 (which also includes the hazard
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and the lesser improvement since 2000, cannot be attributed
to the changing donor and recipient demographics or donor
organ quality, but rather reflect the evolutions in global post-
transplant management over the past decades.

The deceleration of short-term improvement in graft sur-
vival since 2000 is striking and contrasts with the important
improvement in graft survival that was made between 1986
and 1999. The main change in clinical kidney transplantation
between 1986 and 1999 was the general access to increasingly
powerful and innovative immunosuppressive regimens, which
translated into decreasing acute rejection rates,1,12,13 and is a
likely explanation for the large improvement in graft survival
during this time frame, despite expansion of the trans-
plantation cohort to older donors and recipients.14 Apart
from changes in immunosuppression and related decreased
risk of acute rejection, other factors such as better control of
hypertension, anemia, hypercholesterolemia, and hypergly-
cemia; more standardized histological evaluation of kidney
biopsies; better donor management; improved kidney storage
and preservation; updated allocation procedures and (cross-)
matching techniques; better detection, prevention, and
treatment of infections including polyomavirus nephropathy;
better management of cardiovascular and urologic compli-
cations; growing team experience; and other measures in
kidney transplant management will all have contributed to the
improvement of graft outcome before 2000.15–18 Which of
these factors was most important in the improvement of graft
survival cannot be inferred from our data.

In contrast to what is commonly suggested, our study
shows that the changing donor and recipient characteristics
are not the cause of this deceleration of improvement of graft
survival in more recent years. Consequently, the causes for the
observed deceleration of improvement in graft survival are to
be sought in the factors for which we did not adjust in the
analyses. The deceleration of improvement of short-term
graft survival since the year 2000 is therefore related to the
decrease in improvement in the global management of kidney
transplant recipients on all possible fronts, although it is
inherently impossible to point to specific factors that lacked
innovation. As improvements in global clinical outcome
reflect the cumulative impact of many potential contributing
factors, deceleration of improvement is the illustration of a
global problem, the lack of innovation in global management
of kidney transplantation including the lack of better
immunosuppressive protocols since 2000. The virtual stand-
still in the standard immunosuppressive protocols is illus-
trated by the observation that no novel immunosuppressive
regimens have replaced the highly successful combination of
tacrolimus and mycophenolate for prevention of acute
rejection in standard clinical practice, which was imple-
mented rapidly since the late 1990s.9 Since 2000, the trans-
plant community has focused on decreasing or eliminating
steroids and calcineurin inhibitors, and on the introduction
of inhibitors of the mammalian target of rapamycin, but this
did not translate into graft survival benefits.19 In contrast,
many patients lost their grafts under these regimens due to
Kidney International (2018) -, -–-
donor-specific antibody development and antibody-mediated
rejection.20,21 Novel immunosuppressive regimens such as
combination therapy with belatacept and mycophenolate
seem promising22 but are not used routinely in Europe
despite European Medicines Agency approval in 2011. As far
as we are aware, our results are the first to reflect the lack of
new successful standard immunosuppressive regimens, or
other innovations in posttransplant management, in the field
of kidney transplantation since the late 1990s.

It is unlikely that potential changes in the immunological
risk that is taken play a role in the deceleration of graft sur-
vival improvement. Better donor-recipient match evaluation
and virtual crossmatching are available in more recent years,
and our study conclusions were reached after adjustment for
HLA mismatches, repeat transplantation, and HLA sensiti-
zation, which reflect the general immunological risk.
Adjusting for the presence or absence of donor specificity of
HLA antibodies was not possible given the lack of informa-
tion on this parameter in the patients transplanted in earlier
decades. Moreover, if we had been able to adjust for the
decreased immunological risk assessment over the 3 decades
of the study,23 it is unlikely that our conclusions would have
changed. Residual confounding of unmeasured donor or
recipient risk factors such as cardiovascular risk, metabolic
alterations, or surgical risks are possible, but could not be
accounted for in the analyses given the lack of such data in the
Collaborative Transplant Study (CTS) registry.

Our results are also novel in other aspects. First, our data
set encompasses 3 complete decades (1986–2015), thus
spanning the full history of transplant practice since the
beginning of its widespread clinical use (after the introduc-
tion of cyclosporine). Second, we were the first to perform
these analyses in Europe, which has a very different health
care background and different transplant outcomes compared
with the US.8,24 Third, we used a more detailed methodology
than was previously applied to similar data. More specifically,
we were able to make inferences conditional on important
characteristics and the changing demographics. Our statistical
models allowed us to quantify the changes in graft outcome
over the past 3 decades and to model its time dependency.

In addition to our conclusions on the improvement of
graft outcome after transplantation over the past 3 decades,
several other important inferences could be made. Because we
modeled the variables donor and recipient age as continuous
functions, we were able to describe their effects in full detail.
More specifically, we found that the age of the donor was
related to the hazard of graft failure in a quadratic way, which
means that 1 year of increase in older donors has more impact
on transplant outcome than 1 year of increase in younger
donor kidneys. Although others have shown that increased
donor age is related to an increased risk of graft failure,4,25 by
fitting the complete function, the quadratic nature of this
association provides relevant additional nuance.

Further, we described that the age of the recipient was
inversely related to the hazard of graft failure: younger pa-
tients were more inclined to graft failure after transplantation
7
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than were older patients. This effect of recipient age was no
longer valid after the age of 55 years; at that point, all re-
cipients’ ages were equally likely to experience graft failure.
The association between younger recipients and a higher
hazard of graft failure could be explained by higher risks of
noncompliance at younger ages and by immune senescence of
older patients, as has been reported previously.26,27

Despite the merits of our analyses, several limitations
warrant attention. First, our sample was not random, but
rather originated from a database to which centers contrib-
uted on a voluntary basis. Due to this, some selection bias
could be present. However, the CTS is the largest kidney
transplantation database in Europe, and our study included
21 countries, 135 transplant centers, and as many as 108,787
transplantations. Hence, the diversity within and the size of
this sample increase the confidence in our conclusions. In
addition, the CTS data collection policy and the built-in data
quality control procedures (e.g., center-specific census algo-
rithms) ensure excellent rates of data completion for follow-
up data. The follow-up records of the analyzed European data
are complete at 1 year after transplant for 97% of patients and
at year 10 for as high as 92% of patients.28 Second, data about
graft survival beyond 20 years are sparse (3.3%). Therefore,
conclusions past this threshold can only be drawn with un-
certainty. Third, we excluded patients who received kidneys
from donors after cardiac death and from live donors, because
these donor types were not or rarely used in the early years of
the study. This obviates extrapolating our conclusions to these
other types of transplantation. In order to draw similar
conclusions in such populations, additional studies with
sufficiently long follow-up of these other transplant types are
needed. Finally, we analyzed death-censored graft survival.
Evaluating the effect on the cause-specific hazard rate allowed
us to evaluate whether the rate of kidney graft failure after
transplantation decreased from 1986 to 2015 in patients who
did not experience a prior event, such as death with a func-
tioning graft. Whereas it is possible that death with a func-
tioning graft is a dependent competing risk, this does not
invalidate our conclusions made on the cause-specific hazard
rate of graft failure. A common misunderstanding is that
competing risk analyses correct for competing events. Instead,
a competing risk analysis evaluates whether the absolute risk
of kidney graft failure after transplantation decreased from
1986 to 2015, which is highly dependent on the improvement
in the rate of death with a functioning graft. If, for instance,
the rate of death with a functioning graft improved and the
graft failure rate remained constant, the absolute risk for graft
failure (artificially) increases.29 Given our primary aim to
study the relative risk of graft failure with year of trans-
plantation, and given the artificial changes in absolute risk of
graft failure with changing rates of death over time, such
calculation of absolute risks was not justified in this study.

In conclusion, we demonstrated that in Europe between
1986 and 1999, similar to what has been noted in the US,
improvement of kidney graft survival occurred primarily in
the short term after transplantation and to a lesser extent in
8

the long term. For the first time, however, we were able to
demonstrate that the short-term improvement in graft sur-
vival decreased since 2000, while the long-term improvement
remained stable, when accounting for the evolution in donor
and recipient characteristics. The deceleration of short-term
graft survival improvement in more recent years illustrates
an unmet need for innovation in this field.

METHODS
Patients
Our data originated from the CTS database (available at http://www.
ctstransplant.org) to which many transplant centers have contributed
voluntarily since 1982. CTS receives active support from more than
400 transplant centers across 42 countries. For our research, we only
considered European data. Moreover, we restricted our analyses to
single kidney transplantations with adults between January 1, 1986,
and December 31, 2015. The CTS database is the largest, most
rigorously managed kidney transplantation database in Europe. Due
to the lack of a European registry system, no other database is able to
provide data on such a timespan and with such completeness. The
methodology of CTS has been explained previously in detail.28

Data collection and definitions
We included the transplant centers with available data from 1986
onward, leading to a total number of 135 centers in 21 European
countries. Only transplantations with complete data for the following
variables were included: transplant year, survival time, censoring time,
donor and recipient age, donor and recipient gender, transplantation
rank, number of HLA mismatches on A-, B- and DR-loci, and per-
centage of PRA. In order to make our sample comparable over time,
30,699 kidney transplantations from living donors and 8777 trans-
plantations with donation after cardiac death were excluded. Both
transplantation practices are indeed more recent clinical evolutions.30

We assumed the cases without missing values to be a completely
random subset of the original database. In total, 108,787 trans-
plantations were included. Graft failure was defined as loss of graft
function (return to dialysis or repeat transplantation). In case of death
with a functioning graft, we censored graft survival at time of death.

Statistical analysis
The effect of transplant year on posttransplant graft survival was
evaluated using the Cox model,31 with the log hazard rate of experi-
encing kidney failure as the dependent variable and transplant (cal-
endar) year as the main independent (continuous) variable. In the
analyses, recipients were censored at time of loss to follow-up, at time
of deathwith a functioning graft, or at January 24, 2017 (last update of
the database). This effect was corrected for donor and recipient age,
repeated transplant or not, percentage of PRA, number of HLA mis-
matches, and transplant center, all covariates that were available for the
complete observation time. Transplant year serves, at least partially, as
a proxy for immunosuppressive advancement. Both the functional
form and the time dependency (nonproportionality) of the effect of
transplant year and the other covariates were graphically explored.
More specifically, we checked linearity byfitting each covariate effect as
a natural cubic spline with 5 knots and visually assessing its functional
form. The flexibility of the spline functions allowed us to detect any
deviation from linearity.Moreover, in case of nonlinearity, we assessed
the functional relationship between the dependent and independent
variables. In order to check proportionality, we used a spline-based
regression line on the weighted Schoenfeld residuals.32,33 Large
Kidney International (2018) -, -–-
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deviations from a horizontal line were indicative for non-
proportionality. We sequentially34 accommodated violated linearity
assumptions by transforming the covariates and violated propor-
tionality assumptions by including time-by-covariate interactions. For
the main time-by-covariate interaction (transplant year), we included
time as a natural cubic spline in order tomodel the time dependency as
flexible as possible. Nonproportionality in other covariate effects was
handled by including an interaction termwith the natural logarithmof
posttransplant time. Traditionally, (continuous) time-varying co-
efficients in the Cox model are handled by including an interaction
term with the covariate and some function of time (¼ time-to-event).
Often these functions are time itself or its logarithm35: the researcher
determines the functional form of the time-varying effect before-
hand.36 Whereas this approach is defendable, it should not be used in
contexts in which the functional form itself is of scientific interest, as
was the case in our study. Therefore, as proposed by Hess,37 we used a
natural cubic spline function of time when considering the interaction
with transplant year. In our study, the amount of knots (more knots¼
more flexibility) was allowed to vary, and the Akaike information
criterion guided us to parsimony. Themathematical description of the
inclusion of a time-dependent coefficient in the Coxmodel is provided
in the SupplementaryMethods section. In order to correct for a center
effect, we used stratification.38 Stratification allows the centers to have
a different baseline hazard functionwhile still assuming equality of the
regression coefficients (for the other covariates) across strata. Post hoc
sensitivity analyses were performed on the subgroup of expanded
criteria donors and on an imputed (fully conditional specification39)
data set, including the extra covariates cold ischemia time,waiting time
on dialysis, and cause of donor death. All analyses were performed in
SAS 9.4. Next to the traditional procedures we also used the
RCS macro40 (available at http://cemsiis.meduniwien.ac.at/kb/wf/
software/statistische-software/rcs/) for the spline modeling of the
covariate effects and the time dependency.We used 2-sided hypothesis
tests with a significance level of 5%.
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