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Background: Whether slow graft function (SGF) represents an intermediate phenotype between immediate graft function
(IGF) and delayed graft function (DGF) in kidney transplant recipients is unknown.

Material/Methods: In a retrospective cohort analysis of 1,222 kidney transplant recipients, we classified patients as having IGF,
SGF, and DGF using two different schemas. SGF was defined as serum creatinine (Cr) >3.0 mg/dL by postoper-
ative day 5 in Schema 1, and in Schema 2, SGF was defined as Cr >1.5 mg/dL plus a creatinine reduction ratio
<20% between postoperative days 1 and 3. A complementary log-log model was used to examine the associ-
ation of graft function with graft survival and patient survival.

Results: Mean age of study patients was 51.5+13.3 years, 59.9% were male, and 66.7% were white. In Schema 1, SGF
and DGF were associated with comparable increases in risk of graft failure compared to IGF (hazard ratio (HR)
1.46, 95% confidence intervals (Cl) 1.02-2.10 for SGF and HR 1.56, Cl 1.11-2.22 for IGF); estimates were simi-
lar for Schema 2 (HR 1.52, Cl 1.05-2.20 for SGF and HR 1.54, CI 1.10-2.17 for IGF). However, for mortality, out-
comes for SGF were similarly to IGF, both SGF and IGF were associated with lower risk relative to DGF (HR 0.54,
€1 0.36-0.80 for SGF in Schema 1; HR 0.58, Cl 0.39-0.85 for SGF in Schema 2).
Conclusions: These findings suggest that SGF may be a marker for graft failure but not for mortality, and SGF may therefore
represent a phenotype separate from IGF and DGF.
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Material and Methods

The level of function of a transplanted kidney in the imme-
diate postoperative period is correlated with long-term graft
and patient survival [1-4]. In roughly a quarter of deceased
donor [5,6] and perhaps 5-10% of living donor kidney trans-
plants [7-9], dialysis is required within the first week of trans-
plantation, a situation commonly termed delayed graft function
(DGF). DGF is associated with acute rejection, prolonged hos-
pital stays, and healthcare costs [10-13], as well as increased
rates of graft failure and mortality [1-4].

The level of postoperative kidney function has implications
for bedside clinical care, epidemiological research, outcomes
quality reporting, and clinical trials. For example, the develop-
ment of DGF often influences exposure to calcineurin inhibi-
tors [14-17] and other potential interventions [18,19]. DGF is
also a UNOS (United Network for Organ Sharing) reportable
outcome [20,21]. Additionally, DGF has also been approved
by the U.S. Food and Drug Administration as a surrogate end-
point for trials [20].

However, assessment of post-transplant renal function has his-
torically been relatively crude, with most schemas classify pa-
tients merely by the presence or absence of DGF. As a result,
many patients may have significant injury but, by default, are
considered to have “adequate” graft function if they avoid di-
alysis [22]. An intermediate phenotype, known as slow graft
function (SGF), can be characterized by slower initial postoper-
ative decline in serum creatinine (Cr) compared to immediate
graft function (IGF) but without the need for dialysis [23,24].
Schemas proposed to define SGF typically utilize either failure
of attainment of an absolute level of Cr by a given postoper-
ative day (POD) (e.g., Cr >3 mg/ld. on POD5 [21] or Cr >2.5 on
POD7 [25]) or an inadequate percentage reduction in Cr over
a given period (e.g., a creatinine reduction ratio (CRR) of <30%
between POD1 and POD2 [26]).

We investigated the potential utility of risk stratification sche-
mas that categorize patients as having SGF by examining how
SGF was associated with long-term patient and graft surviv-
al. We employed one schema that classified SGF as occurring
when the Cr remains 3.0 mg/dL (in the absence of dialysis)
on POD5 [21,22,27,28] and compared it to one schema that
defines SGF as occurring when both the Cr remains > 1.5 mg/
dL by POD3 and the CRR between POD1 and POD3 is >20%
(in the absence of the need for dialysis). We utilized a large,
retrospective cohort of patients, from two centers, for whom
data on long-term follow-up was available. We hypothesized
that SGF would have a strength of association with graft and
patient survival as compared to IGF and DGF.
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Study cohort and data sources

A retrospective cohort analysis of 1,222 recipients of living-do-
nor and deceased-donor kidney transplants from two centers
was performed. The cohort consisted of all 996 consecutive
transplantations at Hennepin County Medical Center between
January 1, 2000 and December 31, 2012 plus all 226 consecu-
tive transplantations at the University of Kansas Medical Center
between May 1, 2007 and December 31, 2009. Information was
drawn from the respective electronic medical records at both
centers and combined with data from DonorNet, the electron-
ic organ placement system operated by UNOS.

From these sources, donor and recipient risk factors commonly
associated with outcomes were collected. Recipient factors in-
cluded age, gender, race, body mass index (BMI), history of di-
abetes, history of previous transplantation, panel reactive an-
tibody (PRA) level, duration of maintenance dialysis (in which
0 years indicated a preemptive transplant) and initial type of
calcineurin inhibitor prescribed. Donor factors included age and
gender, donation source (living versus deceased), donor crite-
ria category [standard criteria donation (SCD), extended crite-
ria donation (ECD), or donation after circulatory death (DCD],
donor cause of death in deceased donors, cold ischemia time
(CIT), and level of human leukocyte antigen (HLA) mismatch.

Graft function classification schemas

We selected two graft function classification schemas for pur-
poses of comparison, one drawn from the literature [21,26] and
one that we developed. For both schemas, patients who required
dialysis within the first week post-transplantation were classi-
fied as DGF. Where the schemas varied was in how they distin-
guished between IGF and SGF. Classification Schema 1, initially
proposed by Humar et al. [21], defined IGF as Cr <3.0 mg/dL by
POD5 and SGF as Cr 23.0 mg/dL. Schema 2 defined IGF as ei-
ther Cr <1.5 mg/dL or CRR >20% between POD1 and POD3, and
SGF as Cr >1.5 mg/dL and CRR <20% between POD1 and POD3.

Outcomes

Primary outcomes were death-censored graft failure and
all-cause mortality. Additionally, estimated glomerular fil-
tration (eGFR), calculated using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) formula [29] was as-
sessed at one month, one year, three years, and five years.

Statistical analysis

To examine the associations between three levels of graft func-
tion (IGF, SGF, and DGF) in each definition and the time-to-event
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outcomes (death-censored graft failure and all-cause mortali-
ty), a two-step approach was used given the restricted size of
the sample and resultant concerns about power. In step one,
a univariable analyses (i.e., single explanatory measure) was
conducted for each of the 15 covariates listed in Table 1. Using
a standard model-building approach, the covariates which
demonstrated statistical significance with a p-value <0.05 in
the univariable analyses were included in the multivariable
model, while those covariates with p-value >0.05 were not.
Additionally, two potentially key factors (recipient diabetes
and type of calcineurin inhibitor prescribed) were forced into
the multivariable model for death-censored graft failure to be
consistent with the model for all-cause mortality.

For multivariable modeling (step two), a complementary log-
log model was used. Briefly, a complementary log-log model is
a discrete analog of the continuous proportional hazards mod-
el and is advantageous over the Cox model for use when the
time-to event outcomes are interval-censored. The inter-rela-
tionship between, and appropriate use of, a Cox proportional
hazards model for time-continuous data and a complemen-
tary log-log model for time-interval data has been discussed
by Allison [30]. Using a standard approach, adjusted hazard
ratios (HR) with 95% confidence intervals (Cl) were calculat-
ed by exponentiating the parameter estimates of the various
covariates obtained from our model. (HR interpretations are
analogous to those from Cox proportional hazards regression
models, and were suitable to the censoring pattern our data
presented, which differed from the standard right-censored
data commonly analyzed with Cox models). Predicted surviv-
al curves were generated for the three graft function catego-
ries after adjusting for the effect of the other covariates in the
model. Since the outcome was interval censored, survival pre-
dictions were made using the complementary log-log model at
the aforementioned timepoints and a smooth predicted surviv-
al curve was generated by means of polynomial fit. All analy-
ses were performed using SAS at the 5% level of significance.

Protection of human research participants
The research protocol was approved by the Human Research
Participants Committees (Institutional Review Boards) at

Hennepin County Medical Center and University of Kansas
Medical Center.

Results

Characteristics of the cohort

A total of 1,222 kidney transplant recipients were includ-
ed, with a median (25%"/75" percentile) follow-up duration
of 87.3 months (62.1/117.1 months). The demographic and
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Table 1. Participant demographic information.

Recipient factors*

Age (years) 51.1+13.3
Sex(%male) 599%
* Race %blac) 159%
s 22
 Diabetes (%) 399%
© Prior transplantation (%) 124%
CPRAX0% %) 196%
© Dialysis duration, years  13(02,34)
CuseofcNt
"""" Tacolimus  185%
"""" Cyclosporine ~ 815%
 Donorfactors
Agelyears s6:146
CSexemale 537%

SCD 503 (41.2%)
ECD 27 (2.2%)
DCD 83  (6.8%)

Trauma 49%
"""" oA 3%
"""" Anoxia  173%
"""" other  1e%
 Otherfators
© Coldischemic time (hours)  162:84
© Numberof HLA mismatch 32418

* Continuous variables are shown as mean + one standard
deviation with the exception of dialysis duration, which is shown
as median and 25%/75% percentiles. BMI — body mass index;

PRA — panel reactive antibody; SCD — standard criteria donors; ECD
— extended criteria donors; DCD — donation after cardiac death;
CVA — cardiovascular accident; HLA — human leukocyte antigen.

clinical characteristics of the cohort, divided into recipient fac-
tors, donor factors, and other factors, are shown in Table 1.
The mean age was 51.1+13.3 years, 59.9% of recipients were
male, 15.9% of recipients were black, and 19.6% of recipients
had a PRA titer >20%; 49.8% of recipients received kidneys
from living donors. Graft failure occurred in 26 recipients by
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Figure 1. Distribution of DGF, SGF, and IGF.

one-year post-transplantation, in 96 recipients by three years
post-transplantation, in 154 recipients by five years post-trans-
plantation, and in 216 recipients by 10 years post-transplanta-
tion. Corresponding totals for recipient deaths by post-trans-
plantation years (one, three, five, and ten years) were 49, 114,
174, and 285 deaths, respectively.

Distribution of graft function category by schema

The distribution of recipients classified as having IGF, SGF, and
DGF varied, as expected, based on the schema utilized (Figure 1).
While the percentage of patients classified as having DGF was,
by definition, constant (21.5%), the percent classified as having
SGF varied, at 14.6% for Schema 1 and 12.8% for Schema 2.

Table 2. Factors associated with death-censored graft failure.

Graft failure

The association between postoperative graft function classifi-
cation and long-term graft failure, is shown in Table 2, which
shows the multivariable analysis including the risk factors with
statistical significance in the univariable model. For Schema 1,
SGF was associated with a higher risk for graft failure com-
pared to IGF (HR 1.46, 95% Cl 1.02-2.10), but there was no dif-
ference when SGF was compared to DGF; IGF was associated
with lower risk of graft failure compared to DGF (HR 0.64, 95%
Cl 0.45-0.90). Findings for Schema 2 were similar to those for
Schema 1: SGF was associated with higher risk for graft failure
than IGF (HR 1.52, 95% Cl 1.05-2.20), but there were no dif-
ferences between SGF and DGF; IGF was associated with low-
er risk for graft failure than DGF (HR 0.65, 95% Cl 0.46-0.91).

Graft survival of recipients with IGF, SGF, and DGF based on
the two classification schemas are shown in Figure 2. In both
Schemas 1 and Schema 2, graft survival in patients with SGF
and DGF were similar, but were significantly worse than pa-
tients with IGF (p=0.038 and p=0.029 between IGF and SGF
for Schemas 1 and 2, respectively).

Mortality

The relationship between postoperative graft function classi-
fication and mortality is shown, analogously, in Table 3, which
shows multivariable analysis including only the risk factors with
statistical significance in the univariable model. In distinction
to our findings for graft failure, the HRs for death were no dif-
ferent for both schemas between SGF and IGF (HR 0.85, 95%

Schema 2

Schema 1
Factors*

SGF vs. IGF 1.46 1.02-2.10
 SGFvsDGF 093 063138
 IGFwsDGF 064 045090
© Recipientage 096 095097
© Recipientrace (black) 208 154282
© Recipientom 146 1.09-1.96
© Recipient dialysis duration 101 095106
 Donorage 102 1.01-1.03
NI (acrolimus) 134 093193
 HAmismatch 109 101-1.18

0.038 1.52 1.05-2.20 0.029
"""""" 073 099 066149 096
""""" 0011 065 046091 0013
""""" «©001 09 095097 <0001
""""" 0001 206 152280 <0001
""""" 0017 146 10919 0011
"""""" 071 101 096106 073
""""" 0002 102 101103 0002
"""""" 012 133 09-193 013
"""""" 003 10 101119 002

* Only covariates which demonstrated statistical significance with a p-value <0.05 in the univariate analyses were included. SGF — slow
graft function; IGF — immediate graft function; DGF — delayed graft function; DM — diabetes mellitus; CNI — calcineurin inhibitor;

HLA — human leukocyte antigen.
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Figure 2. Death censored graft failure. (A) Graft survival with Schema 1. (B) Graft survival with Schema 2.
Table 3. Factors associated with all-cause mortality.

Schema 1 Schema 2

Factors*

SGF vs. IGF 0.92 0.62-1.34 0.66 1.01 0.69-1.47 0.97
”””” SGFvs.DGF 054 036080 0002 058 039085 0006
”””” GFvs.DGF 059 045077 <0001 057 044076 <0001
”””” Recipientage 105 104106 <0001 105 104106 <0001
”””” Recipientrace 124 08%-174 020 124 089-173 020
”””” ReciplentDM 159 125202 <0001 158 125-201 <0001
”””” Recipient dialysis duration 107 103-112 0002 108 102-L12 0003
”””” Donorage 101 09102 013 10l 099-102 013
”””” CNI (Tacrolimus) 056 038082 0003 055 038081 0002

* Only covariates which demonstrated statistical significance with a p-value <0.05 in the univariate analyses were included. SGF — slow

graft function; IGF — immediate graft function; DGF — delayed graft function; DM — diabetes mellitus; CNI — calcineurin inhibitor.

Cl1 0.58-1.25 for Schema 1 and HR 0.93, 95% Cl 0.64-1.36 for
Schema 2). SGF was associated with lower mortality compared
to DGF (HR 0.51, 95% Cl 0.34-0.75 for Schema 1 and HR 0.54,
95% Cl 0.37-0.80 for Schema 2).

Patient survival, by classification schema, is shown in Figure 3.
In both schemas, patient survival was similar between patients
with SGF and IGF, but significantly better than patients with
DGF (p=0.002 and p=0.006 between SGF and DGF in Schemas
1 and 2, respectively).

This work is licensed under Creative Common Attribution-
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Graft function

Five-year change in eGFR by IGF, SGF, and DGF status is shown
in Figure 4 by schema. For both schemas, the eGFR values in
patients with SGF tended to be similar to those in patients
with DGF over time; however, eGFR values were lower than in
patients with IGF. For example, for Schema 1, the eGFR val-
ues at five years were 56.0, 51.2, and 50.6 mL/min/1.73 m? for
patients with IGF, SGF, and DGF, respectively. Analogous val-
ues were 55.7, 52.1, and 50.6 mL/min/1.73 m? in Schema 2.
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Schema 2

Schema 1

0.50 T T T T T T T T T T T T T T T 1 .—-SGF 0.50 T T T T T T T T T T T T T T T 1
00123 45 6 7 89101 1213141516 ----DGF 0123 45 6 7 89101 1213141516
Years after kidney transplant Years after kidney transplant
Year 1 3 5 10 16 Year 1 3 5 10 16
#Events 42 65 56 15 30 #Events 42 65 56 115 30
#SSubjects 1180 1112 926 272 242 #SSubjects 1180 1112 926 272 242

Figure 3. All-cause patient mortality. (A) Patient survival with Schema 1. (B) Patient survival with Schema 2.
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Figure 4. Five-year eGFR distribution. (A) 5-year eGFR distribution with Schema 1. (B) Five-year eGFR distribution with Schema 2.

Discussion

In this large, retrospective cohort study of kidney transplant re-
cipients in which the median follow-up period exceeded seven
years, we found that SGF appeared to characterize a group of
patients who had a risk of long-term graft failure comparable
to those with DGF, but all-cause mortality was comparable to
those with IGF. This suggests that the need for dialysis alone
(the traditional defining tenet of DGF) may not capture all the
risks associated with poorer graft survival. However, subopti-
mal kidney function in the immediate post-transplantation pe-
riod appears to confer no additional mortality risk compared
to IGF. SGF might therefore be considered an “intermediate”
phenotype in which the graft-function implications are similar
to DGF, but the mortality implications are akin to IGF. SGF ap-
pears to be a phenotype that is “concealed” inside IGF when
traditional schemas (i.e., those that characterize patients mere-
ly by the presence or absence of DGF) are used.

This work is licensed under Creative Common Attribution-
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Incorporation of the concept of SGF into post-transplantation
care might provide important clinical benefits. Appreciation
of SGF as a distinct phenotype permits a finer degree of risk
stratification for long-term graft and patient outcomes than
is available when using cruder classification schemas. In ad-
dition, and perhaps more practically, SGF might influence ear-
ly therapeutic decisions such as optimizing volume status,
reducing CNI exposure, avoiding nephrotoxins, and using cal-
cium channel blockers, all strategies that have been previous-
ly suggested [31].

It is for these reasons that SGF has been the subject of study
for several decades. An early proponent of the concept of SGF
were Humar et al. [21], whose classification system formed
the basis of Schema 1. Two decades ago, this group showed
that patients with SGF had rates of graft and patient surviv-
al similar to those of patients with DGF patients, but worse
than patients with IGF. Nonetheless, use of the same schema
in the intervening years demonstrated varying findings. A fol-
low-up study in 2002 found that SGF appeared to represent a
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true intermediate phenotype in which five-year graft survival
in patients with SGF was distinguishable from patients with
IGF and DGF; mortality was not examined [32]. These studies
did not explicitly utilize extensive risk factor adjustment. To
improve analytic rigor, we adjusted for a host of factors as-
sociated with both graft and patient survival. Further, we uti-
lized a substantially larger cohort, followed over a longer time
period than previously reported in studies, to more fully ex-
plore the potential utility of this schema. Our findings suggest
that the schema as originally envisioned by Humar et al. con-
fers utility for risk stratification in that it identifies SGF pa-
tients as at risk for graft failure similar to patients with DGF,
but at no increased risk for all-cause mortality compared to
patients with IGF.

However, we hypothesized that a novel schema, which com-
bined an element of relative Cr change with absolute Cr level
might help more finely risk stratify patients for key outcomes.
Because absolute Cr levels, which vary by age, muscle mass/
activity, diet, and inflammatory status [33], trends in creatinine
change during the first three postoperative days might provide
a dynamic measure of kidney function. Three days was chosen
since it likely captures the initial period of the host immune
response effect on graft function. Despite our rationale, we
found our proposed schema performed very similar to Schema
1 in identifying a group of patients at increased risk for graft
dysfunction but not all-cause mortality.

That SGF appears to be associated with poor graft surviv-
al but not patient survival may be because SGF is a signal
for renal-limited injury. Essentially all renal allografts sustain
acute injury during procurement, preservation, and reperfu-
sion. Severe injury, which can manifest as DGF, may be a sys-
temic phenomenon in which DGF-related ischemia reperfusion
injury is associated with systemic upregulation of cytokines
and adhesion molecules and increased oxidative stress, pre-
sumably eliciting inflammatory responses beyond kidney. It is
conceivable that such injury, if severe, could have long-term
implications for patient survival [34,35]. In contrast, a less se-
vere inflammatory cascade, presumably manifesting as SGF,
may be associated with adverse outcomes that, while impor-
tant, are relatively confined to the kidney. Evidence for this
is strengthened by the finding that the five-year eGFR trends
we observed were broadly concordant with the findings for
graft survival: patients with SGF had an eGFR trend similar to
those with DGF (and distinct from that of IGF) for both sche-
mas, which is consistent with a recent study [36]. However, al-
though the idea that the degree of renal dysfunction may be

Wang CJ. et al.:
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Strengths of our study included the size of the cohort study,
which was one of the largest reported in the literature, our
very long duration of follow-up, and our generalizability. We
deliberately chose to include both living and deceased kidney
transplants, as has done in previous studies [22,37-39], be-
cause the central pathophysiological process of DGF, namely
ischemia-reperfusion injury, is common to both living and de-
ceased kidney transplants and DGF becomes more common
with the growth of paired kidney exchange programs. Realizing
that donor source impacts outcomes, we explicitly adjust for
this in our models.

Our study had several important limitations. First, our study
was retrospective in nature, and so, as with all observational
studies, causality cannot be inferred. Second, our models did
not adjust for all potential covariates which might influence
graft and patient survival, such as, recipient socioeconomic sta-
tus, or KDPI, neither of which were available in our database.
Third, we did not specifically study whether the definition of
DGF itself is informative: DGF is, by nature, a retrospective di-
agnosis based on the need for dialysis within seven days fol-
lowing transplantation, and the provision of dialysis varies by
center and even by treating physician. Future work might in-
vestigate whether a definition of DGF based solely on the need
for dialysis is itself an informative concept.

Conclusions

In summary, our study suggests that the concept of SGF pro-
vides useful risk stratification information for important out-
comes, at least if defined using approaches used in our study
such as Schema 1 and Schema 2 that account for evolving renal
function beyond the second postoperative day. Patients with
SGF appear to represent an intermediate phenotype for whom
the risk of graft loss is similar to patients with DGF, while the
risk of death is no worse than for patients with IGF. Graft and
patient outcomes may, therefore, not be coupled, depending
on the level of renal dysfunction in the week after transplan-
tation. As such, important information may be lost if patients
are classified using traditional systems that merely classify pa-
tients by the presence or absence of DGF. Future work should
be undertaken to investigate how information from events in
the immediate post-transplantation period can be used to im-
prove the prediction of key clinical outcomes.

Conflicts of interests

related to extra-renal outcomes is appealing, this hypothesis None.
should be considered speculative at present.
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