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Abstract

Background—After the first year following kidney transplantation, 3-5% of grafts fail each
year but detailed studies of how grafts progress to failure are lacking. This study aimed to analyze
the functional stability of kidney transplants between 1 and 5-years post-transplant and to identify
initially well-functioning grafts with progressive decline in allograft function.

Methods—The study included 788 adult conventional kidney transplants performed at Mayo
Clinic Rochester between 1/2000 and 12/2005 with a minimum graft survival and follow-up of 2.6
years. The MDRD equation for estimating glomerular filtration rate (eGFR\prp) Was used to
calculate the slope of renal function over time using all available serum creatinine values between
1 and 5 years post-transplant.

Results—The majority of transplants had good function (eGFRyprp = 40 ml/min) at 1 year
with positive eGFRyprp slope between 1 and 5 years post-transplant. However, a subset of grafts
with 1 year eGFRpprp = 40 ml/min exhibited strongly negative eGFRyprp slope between 1 and
5-years suggestive of progressive loss of graft function. Forty-one percent of this subset reached
graft failure during follow-up, accounting for 69% of allograft failures occurring after 2.5 years
post-transplant. This pattern of progressive decline in eGFR despite good early function was
associated with, but not fully attributable to, factors suggestive of enhanced anti-donor immunity.

Conclusions—Longitudinal analysis of serial eGFR measurements identifies initially well-
functioning kidney transplants at high risk for subsequent graft loss. For this subset, further studies
are needed to identify modifiable causes of functional decline.
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INTRODUCTION

RESULTS

Kidney transplantation is a successful treatment for end-stage renal disease (ESRD) but
remains associated with a graft failure rate of 3-5% per year following the first post-
transplant year [1]. Early identification of grafts at highest risk for failure is a clear
prerequisite for developing strategies to improve long-term outcomes [2-8].

Donor specific antibody, subclinical intragraft inflammation, recurrent disease and
polyomavirus infection have been associated with shortened graft survival [2, 7]. Regardless
of the underlying cause, the path to graft failure is typically preceded by a period of
functional decline. Several studies have reported associations between graft function and
subsequent loss but the majority of these have focused on correlating rates of graft failure
with a single functional measurement within the first post-transplant year [3, 5, 9-11].
Although these studies show that low allograft function in the early post-transplant period
(<1-year) is associated with increased risk of subsequent graft failure, it is unlikely that the
ongoing annual loss of 3-5% of transplants during long-term follow-up remains closely
linked with low initial graft function. For example, Magott-Proceleweska et al recently
showed that while eGFRpprp <40 ml/min at 6-months is associated with increased risk of
graft loss, 33% of those grafts had eGFR improvement by 2-years with 94% 5-year graft
survival [9].

We hypothesized that low renal function at 1-year post-transplant would identify recipients
at high risk for early graft failure but that risk prediction for graft failures occurring during
longer term follow-up would require a more longitudinal analysis of function. We pursued a
two-stage approach to analyzing the association between eGFR and graft failure in a large
cohort of kidney transplant recipients followed for =5 years. A single eGFRyprp Vvalue at 1-
year post-transplant was used to determine a level of early graft function below which
subsequent survival was significantly reduced. For recipients with eGFRy\prp above this
cut-off value, we used all available eGFRyprp measurements between 1 and 5-years post-
transplant to determine the graft functional stability (slope of eGFR). The results indicate
that: (a) Low 1-year eGFR is primarily predictive of graft failure occurring within a short
time-frame post-transplantation; (b) A substantial subset of allografts with high 1-year eGFR
undergo progressive decline in eGFR after the first post-transplant year and this accounts for
the majority of graft failures occurring during extended follow-up. (c) Analysis of eGFR
trends by MDRD (and other formula-based approaches) using large numbers of serum
creatinine measurements per patient, provides important prognostic information despite
known discrepancies between estimated and true GFR measurements in kidney transplant
recipients [7, 12].

Correlating kidney transplant survival with 1-year eGFRyprDp

All adult conventional renal transplants between 2000 and 2005 that remained functional for
>1 year were identified. From a total of 925 transplants, 896 (89%) had eGFRyprD
recorded 1-year post-transplant (Figure 1). Subsequent graft survival rates were determined
for different ranges of 1-year eGFRyprp (<20, 20-29, 30-39, 40-49, 50-59 ml/min) and
were compared to the survival rate for transplants with eGFRpprp =60 ml/min (data not
shown). This analysis indicated that all 1-year eGFRp prp ranges below 40 ml/min had
significantly lower subsequent graft survival while those with eGFRyprp between 40 and
59 ml/min had similar graft survival rates to the 260 ml/min group (Figure 2A). For
subsequent analyses, therefore, transplants with 1-year eGFRyprp 240 ml/min and <40 ml/
min were designated as “High GFR" and “Low GFR" respectively (Figure 2B).
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In total, 129/896 transplants (14.4%) failed during follow-up of 62.3 + 26.9 months
following 1-year eGFR\prp Measurement. Between 1 and 2.5-years post-transplant the
majority of graft failures (38/48; 79%) occurred within the Low GFR group. In contrast,
graft failures later than 2.5-years post-transplant occurred predominantly within the High
GFR group (53/81; 65%). Thus, 49% of all graft failures during this follow-up period would
have been incorrectly categorized as having a good prognosis based on eGFRyprp at 1-year
post-transplant (Figure 2C).

Combining the 1-year eGFRyprp and slope of renal function between 1-5 years to identify
grafts at high risk for graft loss

In the next stage of the study, longitudinal trends in renal function during the first 2.5-years
were analyzed with a view to identification of well-functioning transplants at increased risk
for later graft failure. For this analysis, allografts which failed or were lost to follow-up prior
to 2.5-years post-transplant (81/896, 8%) or which had insufficient eGFR measurements
(27/896, 3%) were omitted, leaving 788 transplants eligible for analysis — 113 categorized as
Low GFR and 675 as High GFR (Figure 1). Characteristics of the total group are
summarized in Table 1A and those of the Low GFR and High GFR subsets in Table 1B. Of
note, while 1-year eGFRy\prp Was lower among the 70 allografts from this cohort that
failed during follow-up compared to all other outcomes, there was considerable overlap of
individual 1-year eGFRyprp Values for all outcomes (Supplemental Digital Content, Figure
S1A).

Plotting trends in kidney transplant function from 1 to 5 years after transplantation

Trends in renal function for the High GFR group were next analyzed between 1 and 5 years
post-transplant by plotting mean eGFRyprp for sequential 6-month intervals. For the entire
group, a broad distribution of renal function values was observed across all time intervals
with the mean eGFRyprp remaining constant throughout (Supplementary Figure S1B). The
slope of eGFR\prp Was then calculated for each individual High GFR transplant (see
Methods). The mean eGFRyprp slope for all 675 High GFR transplants was —1.7 + 9.0%,
corresponding to a change in eGFRyprp 0f —1.0 £ 5.3 ml/min/yr (range: +18 to —41).
However, when the group was subdivided into quintiles based on the distribution of
eGFRppRD slopes (Table 1C), only two of five quintiles had declining eGFRyprp (slopes
of —15 £ 10% and —3.4 + 1.3%) while three demonstrated either increasing or stable
eGFRppRrp over time (slopes of 0.0 + 0.7%, +2.5 + 0.8% and +7.4 £ 4.1%). The quintile
with the largest decrease in eGFRpprp had a mean change of —8.7 + 6.2 ml/min/yr.
Strikingly, 36 of the 37 allograft failures that occurred < 5-years post-transplant in the High
GFR group and 42 of the 48 failures during the entire follow-up period were contained
within in this quintile. In contrast, the quintile with the second greatest declining slope
experienced only 3 graft losses, each occurring >5-years post-transplant. Among the
remaining quintiles, only 1 graft loss occurred which was also >5-years post-transplant.

There were no notable differences in follow-up time, donor source or age across quintiles
(Table 1C). In addition, while the frequency of abnormal proteinuria (>150 mg/24 hours) at
1 year post-transplant was higher among Low GFR compared to High GFR groups (58% vs
38%), there was no difference in the frequency of abnormal proteinuria at 1 year among the
quintiles (Table 1B and 1C). The availability of 1-year surveillance biopsies for the majority
of transplants within the total High GFR cohort also allowed for comparison of histological
abnormalities among quintiles. The quintile with the greatest decline in eGFRyprp did
have higher proportions of biopsies with some grade of transplant glomerulopathy or
interstitial fibrosis with inflammation. However, no quintile had <80% of 1-year biopsies
with normal histology or interstitial fibrosis alone. Therefore, it was concluded that the
progressive decline in renal function among allografts with apparently good function at 1-
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year could not be largely accounted for by obvious baseline characteristics, increased rate of
development of abnormal proteinuria or histological abnormalities during the first post-
transplant year.

Further defining and examining the clinical characteristics of High GFR transplants with
progressive loss of function

To further characterize High GFR transplants that subsequently “progressed” to poor
function, 13 allografts were excluded from the quintile with the greatest eGFR decline.
These had eGFRpprp = 60 ml/min throughout follow-up (n=3) and/or had <20% absolute
reduction in eGFRyprp over time (n=10). The remaining 122 grafts were termed “High
GFR Progressors” (High-P) and were compared to all other High eGFR grafts (High eGFR
Non-Progressors, High-NP, n=553) (Table 2A). Predictably, the High-P group had more
graft failures (n=41, 34%) than the High-NP group (1%, p<0.0001). In addition, the rate of
graft failure among the High-P group was higher than that of the Low GFR group during
this time-frame (19%, p<0.0021) (Figure 3A). Similar to the initial quintiles analysis, the
mean 1-year eGFRyprp Of the High-P and High-NP groups did not differ (Figure 3B).

To determine whether the High-P and High-NP subgroups differed for relevant clinical,
histological and laboratory characteristics either at baseline or during subsequent follow-up,
univariate and multivariate analyses were conducted. As shown in Table 2A, univariate
analysis indicated associations between High-P status and younger recipient age, higher
number of transplants, Caucasian recipient race, female recipient gender, non-use of
Thymaoglobulin induction, transplant glomerulopathy on 1-year surveillance biopsy and
abnormal proteinuria within 1 year of the most recent eGFR measurement. There were also
trends toward associations of High-P status with pre-transplant anti-Class 11 donor specific
antibody (DSA) and with anti-Class Il DSA within 1 year of the most recent eGFR
measurement which did not reach significance (although post-transplant DSA data was
available for only a limited number of study subjects). In multivariate analysis (Table 2B),
the associations with higher transplant number, female recipient gender, non-use of
Thymaoglobulin induction and abnormal proteinuria within 1 year of the most recent eGFR
measurement remained significantly associated with High-P status.

Alternative approaches to assessing renal function trends

Comparisons were performed between the eGFRyprp 6m interval approach and alternative
methods for estimating or measuring GFR (Supplemental Digital Content, Table S1A and
S1B). The slope cut-off for Progressor status was independently determined for each
method. The proportion of failed grafts considered to be progressors was similar for each
method (83-88%; Supplemental Digital Content, Table S1A). However, the formula-based
eGFR methods identified higher proportions of progressor grafts that failed during follow-up
compared to iothalamate clearance (34-40% vs 17%). Overall the similarity between
eGFRpprp 6m interval and other methods was 88-96% (Supplemental Digital Content,
Table S1B).

DISCUSSION

Our results agree with existing literature indicating that renal allografts with low
eGFRpMpRD £1-year post-transplant have inferior subsequent graft survival (3, 9, 11), in the
first few years after transplantation. However, in the current study, the majority of allograft
failures between 2.5 and 7 years post-transplant had a 1-year eGFRyprp 240 ml/min (65%;
53/81). Thus, a low 1-year eGFR appears to contribute most of its predictive value during
the first few post-transplant years. Therefore categorizing transplant recipients into low and
high risk groups on the basis of a single early GFR estimate, would fail to identify a
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substantial number of recipients who are destined for future graft failure beyond 2.5 years.
We believe that this concept is an important and underappreciated finding and questions the
validity of using a single measure of early renal function as a primary end-point for clinical
trials in kidney transplantation [13-15]. We contend that the current study’s use of
sequential eGFR values between 1-5 years to create an eGFR slope provides a fuller picture
of the fate of renal allografts after transplantation and might provide a useful endpoint for
clinical trials designed to improve long-term graft survival.

This study also extends our prior research in chronic injury which showed that not all renal
allografts are affected by chronic injury in the first 5 years after transplantation [8]. Indeed,
the majority of renal allografts with 1-year eGFRyprp =40 ml/min have stable or
improving function between 1 and 5 years. Even after excluding all patients with low 1-year
eGFR and grafts with limited survival or follow-up during the first 2.5 years post-transplant,
43% of the entire starting population (405/953) would have had renal functional profiles
comparable to healthy people up to 7 years post-transplant. These results are similar to
findings reported from the United States Renal Data System (USRDS) and single centers
using data from exclusively deceased donor recipients [16, 17]. Most notably, in a study by
Gill et al, in which the rate of functional decline was assessed for grafts surviving at least 2-
years, the overall decline in renal function was slow (-1.66 ml/min/1.73m2/yr) and 50% of
recipients had no change or an improvement in eGFRyprp [16]-

We believe that these findings have important therapeutic implications. First, the fact that
the majority of well-functioning grafts at 1 year have stable or improved function suggests
that sweeping changes in immunosuppression are not needed to prevent chronic injury in the
majority of allografts in the first 5-years after transplantation. In contrast, if we are to
improve overall long-term graft survival, we cannot focus solely on improving 1-year GFR,
but also must identify the causes of renal functional decline in grafts that have good function
at 1 year.

For the 122 allografts identified as having progressive renal dysfunction, we investigated the
possible causes using both univariate and multivariate analyses. Only a small proportion of
Progressors exhibited specific characteristics previously associated with increased risk of
graft failure such as overt complications (BK nephropathy, recurrent disease, calcineurin
inhibitor), abnormal histology (glomerulopathy, fibrosis+inflammation) and deceased donor
source [2, 4, 7]. The relatively low frequency of these well-defined risks among the High-P
group suggests that different factors may contribute to the progressive loss of function in
these grafts compared to Low GFR grafts. The significant associations with Progressor
status observed included female gender, re-transplantation and lack of Thymoglobulin
induction, perhaps implicating a role for anti-donor sensitization. Interestingly, despite a
trend toward higher frequency of pre-transplant anti-Class 11 donor-specific antibody (DSA)
among the High-P compared to High-NP group (16% vs 8%), this did not reach significance
indicating that pre-transplant sensitization was not highly enriched among the Progressors.
Although the amount of data available to interrogate the role of time-dependent post-
transplant variables in this cohort was relatively limited, it is of interest that the most recent
24 hour urine protein measurements indicated that the frequency of abnormal proteinuria
became higher over time in the High GFR Progressors having been no different to Non-
Progressors at 1 year post-transplant. Clearly, more comprehensive, prospective analysis
will be necessary to determine whether emergence of de novo proteinuria, DSA or other
abnormalities occurs before, after or concurrent with declining functional measurements.

A limited number of prior studies have used multiple measures of renal function collected
within the first 2-years post-transplant and have determined that the change in function
between 2 measurements can be used to improve the association with eGFR and long-term
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survival [5, 9, 10]. Given the known variability in eGFR values [18] it is likely that the
inclusion of additional data points, as we have done here, adds further accuracy to the
estimation of the rate of functional change. For all subjects in the study, we used =5 data
points (range 5-9), each representing the mean of all eGFRyprp measurements available
within the 6-month intervals between 1 and 5-years. On average, 40 (range 6-242) unique
eGFR\prp Measurements were available for the study-eligible grafts. Given the ubiquitous
use of frequent serum creatinine and formula-based eGFR measurements in the follow-up of
kidney transplant recipients, we believe that this approach can be readily applied both
retrospectively and prospectively to routine clinical practice as well as to clinical trials.

A concern for any long-term prospective study of kidney transplant recipients is the
collection of functional measurements in the majority of patients. For example, 3 year
follow-up of the Symphony study included eGFR data on only 45% of the original study
population (710/1589) [19] and a 5-year analysis of the BENEFIT study included eGFR data
on 52% (66/145) of patients originally randomized to belatacept [20]. The large proportions
of missing subjects from these studies make it difficult to confidently interpret the results. In
contrast, our approach resulted in the inclusion 76% of all adult conventional recipients
transplanted from 2000 and 2005 (788/1039 if 86 grafts lost <1 year are included). To reach
such a high inclusion rate in our cohort we used eGFRyprp Which is known to
underestimate the rate of change in renal function when compared to iothalamate clearance
[12]. Consistent with this, only 59% of the Progressors identified by uncorrected iothalamate
were also identified by eGFRyprp (as opposed to 95% of Non-Progressors; SDC Table
1B). However, the rate of graft failure among the iothalamate-defined progressors was lower
than those identified by eGFRpprp (17% vs 34%, SDC Table 1A) suggesting that a
formula-based approach using a large number of sequential creatinine measurements has
distinct value for identifying transplants at high risk for failure.

We conclude that a single GFR measurement at 1-year (or any time point), while associated
with graft failure risk in the short-term, is insufficient to provide long-term risk stratification
of renal transplant recipients. Instead, a combination of early and repeated estimates of GFR
can be used to identify grafts at high risk for failure out to 7 or more years post-transplant.
This approach also more accurately identifies the 40%—-60% of all kidney transplant
recipients who achieve good early function and maintain it for a prolonged period of time.
The progressive decline in eGFR observed among a subset of grafts with good early
function was associated with higher frequency of characteristics that are linked to immune-
mediated injury. However, the poor outcome for this subset cannot be fully explained by
these associations and investigation of other candidate factors such as patient compliance,
late development of anti-donor antibody and genetic variability is merited [21-23]. Finally,
we contend that to improve long-term renal allograft survival, attention must be focused on
refining methods to accurately identify progressive loss of graft function as early as
possible, with the goal of elucidating and treating the causes.

METHODS
Study subjects

The study protocol was approved by the Mayo Clinic Institutional Review Board. All adult
recipients of kidney transplants performed at Mayo Clinic, Rochester, MN between 1/2000
and 12/2005 were identified. The following groups were excluded from further study: 1)
Pediatric (<18 years). 2) Positive pre-transplant anti-donor T and/or B cell flow cytometric
crossmatch. 3) ABO blood group incompatible. 4) Combined solid organ transplants. 4)
Non-consent to research.
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78% of study subjects received calcineurin inhibitor-based immunosuppression, 3%
received mTOR inhibitor and 19% received a combination of both classes. 81% received
induction with Thymoglobulin®.

One-year surveillance biopsies were obtained from 75% of study subjects. Biopsies were
performed as previously described and were interpreted by a consultant renal pathologist
using the Banff 97 classification [24]. Proteinuria was assessed by 24-hour urine total
protein measurements at 1 year post-transplant and annually thereafter with abnormal
proteinuria defined as >150 mg/24 h [25]. Pre-transplant donor-specific antibody screening
was performed on stored serum samples by single-antigen bead assay as previously
described [6]. Graft failure was defined as return to dialysis or eGFRyprp consistently <20
ml/min for = 6-months.

Assessment of renal function

Uncorrected iothalamate clearance and serum creatinine measurements were extracted from
the Mayo Clinic Transplant Database for all study subjects. Serum creatinine values were
converted to estimates of glomerular filtration rate using the MDRD equation (eGFRpmprD)
as well as other formula-based calculations (see Supplementary Digital Content, Table S1).
A total of 2,783 iothalamate clearances and 34,376 serum creatinine measurements between
1 and 5-years post-transplant were obtained for 953 subjects. Forty five percent of the
creatinine measurements were performed by Mayo Clinic laboratories and 55% by external
laboratories. For the Mayo laboratory data, both the pre-IDMS [26] and IDMS [27]
equations were used whereas for external laboratory values only the pre-IDMS [26] formula
was used.

Calculation of slope of renal function

Change in estimated renal function over time was determined by linear regression of all
eGFRppRrD Values between 1 and 5-years. To reduce variation across time, individual
eGFRppRrp Vvalues were combined into means within 6-month post-transplant intervals (i.e.
1-1.5yr, 1.5-2yr, etc.). Data for a minimum of five 6-month intervals was required equating
to a minimum renal transplant follow-up of 2.6 years. The logyg of the 6-month averaged
eGFRyprp Vvalues was plotted over time for each study subject and the slope of each plot
calculated. Following this, the subjects were divided into quintiles based on the values for
eGFRpmpRD slope.

Subsequently, categorization as “Progressor” status was based on the following criteria: 1)
Located in the quintile with the most negative eGFRyprp slope. 2) Absolute eGFRyprD
decline of >20% between 1-year and most recent < 5-year eGFRyprp- 3) Average
eGFRMpRrD < 60 ml/min for at least 1 6-month interval.

Statistical analyses

Results are expressed throughout as means + SD. The proportions of nominal data were
tested using chi-square (Pearson). Continuous variables were tested using Student’s t-test for
parametric data and Wilcoxon for non-parametric data. Univariate and multivariate logistic
regression analyses were used to analyze clinical variables associated with unstable graft
function between 1 and 5-years and a ROC analysis was performed to determine if any
combination of factors could predict outcomes. A p-value of <0.05 was considered
statistically significant. The JMP® statistical software system was used to perform
calculations.
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eGFR Estimated Glomerular Filtration Rate
GFRjothal GFR determined using iothalamate clearance
eGFRMDRD Estimated Glomerular Filtration Rate using the MDRD formula
DWF Deceased With Function
OR Odds Ratio
High-NP High-Non-Progressor
High-P High-Progressor
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Figure 1.
Flow diagram of the overall study design.
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Figure2.

A. Graft survival trends from 1 year post-transplant for groups of kidney transplants with 1-
year eGFRpprp = 60, 50-59, 40-49 and < 40 ml/min. B. Graft survival trends from 1 year
post-transplant for kidney transplants with 1-year eGFRyprp < 40 and =40 ml/min. C.
Numbers of graft failures among kidney transplant groups with 1-year eGFRpprp < 40 and
= 40 ml/min that occurred from 1 to 2.5 years, 2.5 to 5 years and >5 years post-transplant.
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Figure 3.

A. Graft survival curves from 2.5 years post-transplant of groups of kidney transplant
categorized as High-NP, High-P and Low GFR. Total group numbers and %/number of graft
failures during follow-up per group as tabulated to the right. B. 1-year eGFRpprp Values
for kidney transplant categorized as High-NP and High-P. Values for individual transplants

are shown as open circles and group mean values as horizontal green lines.
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