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Abstract

We have previously described strong associations between frailty, a measure of physiologic
reserve initially described and validated in geriatrics, and early hospital readmission as well as
delayed graft function. The goal of this study was to estimate its association with postkidney
transplantation (post-KT) mortality. Frailty was prospectively measured in 537 KT recipients at
the time of transplantation between November 2008 and August 2013. Cox proportional hazards
models were adjusted for confounders using a novel approach to substantially improve model
efficiency and generalizability in single-center studies. We precisely estimated the confounder
coefficients using the large sample size of the Scientific Registry of Transplantation Recipients (n
= 37 858) and introduced these into the single-center model, which then estimated the adjusted
frailty coefficient. At 5 years, the survivals were 91.5%, 86.0% and 77.5% for nonfrail,
intermediately frail and frail KT recipients, respectively. Frailty was independently associated
with a 2.17-fold (95% CI: 1.01-4.65, p = 0.047) higher risk of death. In conclusion, regardless of
age, frailty is a strong, independent risk factor for post-KT mortality, even after carefully adjusting
for many confounders using a novel, efficient statistical approach.

Introduction

Current risk prediction in kidney transplantation (KT) is poor; even models based on large
national registries with thousands of patients have a C-statistic of 0.67 (1 year) and 0.64 (3
year) (1). In other words, even the best models that we currently have are able to correctly
discriminate patients who died from those who survived only slightly better than by chance.
This inability to identify which KT recipients are at highest risk of poor outcomes causes
regulatory consternation, limits the ability to select appropriate candidates for
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Methods

transplantation, and complicates matching patients to donors. Improvements in our ability to
understand which KT recipients are at highest risk of poor outcomes will come from single
or multicenter cohort studies of novel predictors. We are interested in a novel domain of
risk, namely frailty (2).

Frailty, a measure of physiologic reserve, was initially described and validated by Fried et al
(2) in geriatric populations and is emerging as an important risk factor in surgical patients
and transplant recipients. In older patients undergoing general surgery, frailty is
independently associated with postoperative complications (3,4), as well as length of stay
(4), discharge to a skilled or assisted-living facility (4—6) and mortality (6). In general
surgery patients of all ages, intermediately frail and frail patients have twice the odds of
developing 30-day complications (7). In liver transplant recipients, core muscle size, which
has been posited as an objective surrogate of frailty, is associated with higher risk of
posttransplant infectious complications (8) and mortality (9). In KT recipients, frailty is
associated with 94% increased risk of delayed graft function (10) and 61% increased risk of
early hospital readmission (11). However, the association between frailty and mortality in
KT recipients remains unclear.

One challenge of studying novel risk factors is that 30 or more predictors of post-KT
mortality are already known from registry-based studies. Most single-center studies, while
advantageous because they potentially introduce granular ascertainment of novel risk
factors, have small sample sizes that cannot statistically accommodate adjustment for all
known predictors (i.e. the models would be overfit). This creates a problem in that
estimation of the independent effect of a novel risk factor (i.e. adjusting for known
predictors) is not typically possible with small sample sizes. In this study, we used a novel
hybrid registry-augmented regression method to leverage the precision of large sample size
registry estimates with the novelty of a smaller size single-center study; by doing so, we
were able to estimate the independent association of frailty and mortality in KT recipients of
all ages, adjusting for the many known predictors.

Study design

This was a prospective, single-center, longitudinal study of 537 KT recipients at Johns
Hopkins Hospital, Baltimore, Maryland, between December 2008 and November 2013. The
study population described in this analysis was part of an ongoing study of frailty in KT
recipients at Johns Hopkins. Participants who were enrolled in the cohort were not different
than those who were not enrolled on important factors including percentage of female
recipients (40.0% vs. 44.8%, p = 0.15), recipient age (53.0 vs. 53.8 years, p = 0.37),
percentage of African American recipients (38.9% vs. 39.0%, p = 0.99) as well as other
recipient and transplant factors. Additionally, this study used data from the Scientific
Registry of Transplant Recipients (SRTR). The SRTR data system includes data on all
donor, waitlisted candidates, and transplant recipients in the United States, submitted by the
members of the Organ Procurement and Transplantation Network (OPTN). The Health
Resources and Services Administration, US Department of Health and Human Services
provides oversight to the activities of the OPTN and SRTR contractors.
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Frailty

Frailty was measured at the time of KT as described below. Recipient factors (age, race, sex,
BMI, diabetes as the cause of end-stage renal disease [ESRD], time on dialysis and hepatitis
C virus [HCV] status), transplant factors (panel reactive antibody [PRA], number of HLA
mismatches, previous transplant, preemptive KT and cold ischemia time) and donor factors
(race, donor type, deceased expanded criteria [ECD], donation after cardiac death donor
[DCD] and history of hypertension) were obtained from the data that Johns Hopkins reports
to the OPTN. The Johns Hopkins Institutional Review Board approved the study.

At admission for KT, frailty was measured as defined and validated by Fried in older adults
(2,12-21) and by our group in ESRD and KT populations (10,11,22,23). Frailty was based
on five components: shrinking (self-report of unintentional weight loss of more than 10 Ibs
in the past year based on dry weight); weakness (grip-strength below an established cutoff
based on gender and BMI); exhaustion (self-report); low activity (kcals/week below an
established cutoff); and slowed walking speed (walking time of 15 feet below an established
cutoff by gender and height) (Table S1) (2). Each of the five components was scored as 0 or
1 representing the absence or presence of that component. The aggregate frailty score was
calculated as the sum of the component scores (range 0-5); nonfrail was defined as a score
of 0 or 1, intermediate frailty was defined as a score of 2 and frailty was defined as a score
of 3 or higher, as we have previously published (22,23).

Statistical analysis

Differences in recipient, transplant and donor characteristics by frailty status were tested
using analysis of variance and Fisher's exact tests where appropriate. The independent
association of frailty and post-KT mortality was estimated using a hybrid registry-
augmented Cox proportional hazards model. Using a large cohort from the SRTR (n = 37
858 KT recipients between 2009 and 2011), we precisely estimated the coefficients of every
SRTR-measured confounder (recipient age, sex, race, diabetes, time on dialysis and
preemptive KT, as well as donor type [deceased standard criteria donor, ECD, DCD vs. live]
and cold ischemia time). This SRTR registry-based model was estimated using SRTR data.
Then, we introduced these coefficients back into the single-center model (using forced
values), so that the only coefficients estimated were those of frailty (intermediate vs.
nonfrail and frail vs. nonfrail); in other words, this allowed us to estimate an independent
effect with only two degrees of freedom. The coefficients of the confounders were
constrained to be the coefficients observed in the SRTR model through the use of a model
offset. Participants were administratively censored at the end of follow-up (March 7, 2014).
Robust standard errors (Huber-White sandwich estimator) were used. The hybrid registry
augmented method is:

A (t|X) =Ao (t) exp (ﬁfrailerail+/6intermedia‘tely fra‘ilXinterInediately fra‘il"_/gp constra‘inepr)

where X is the value confounder as measured in the single-center cohort of the pth variable,
and Ao(t) is baseline hazard function. By constrained IS the constrained coefficient from the
registry-based model.
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Results

We tested for effect modification of the association of frailty and post-KT mortality by
recipient age, sex and race using a Wald test. Finally, as a sensitivity analysis, we estimated
the association of frailty and post-KT mortality using an over fitted model where we directly
adjusted for the confounders in our single-center cohort model. We also assessed the relative
ranking of frailty as a predictor for mortality using a Classification and Regression Tree
(CART) (24), which is a machine learning technique for survival analysis. For all analyses, a
p-value <0.05 was considered significant. All analyses were performed using STATA 12.0
(College Station, TX) except for the CART analysis, which was performed in R version 3.1
(the R Foundation for Statistical Computing, Vienna, Austria).

Study population

Among 537 study participants, the mean age was 53.0 years (SD = 14.0), 40.0% were
female, 38.9% were African American and 44.9% received live donor transplants; 19.9%
were frail and 33.0% were intermediately frail at the time of KT (Figure 1). The median
follow up time was 2.7 years (interquartile range [IOR]: 1.4-4.2). Consistent with previous
findings of frailty as an independent domain (11), no recipient factors were statistically
significantly associated with frailty except age (Table 1). Frail patients were more likely to
receive ECD kidneys (12.2% vs. 4.0% for intermediately frail and 4.0% for nonfrail, p =
0.01). While 13.2% of the cohort received a live donor HLA incompatible KT, 4.3%
received a deceased donor HLA incompatible KT and 7.5% received a live donor ABO
incompatible KT, desensitization was not associated with frailty (live donor, HLA
incompatible p = 0.32; deceased donor, HLA incompatible p = 0.28; and live donor, ABO
incompatible KT p = 0.75; any desensitization technique p = 0.89).

Frailty and mortality

Frail KT recipients had the lowest survival (Figure 2) (p = 0.04). At 1 year, the survival was
98.4% for those who were nonfrail, 97.6% for those who were intermediately frail and
94.3% for those who were frail; at 5 years, the corresponding survivals were 91.5%, 86.0%
and 77.5%, respectively (Table 2). When stratified by age, frail KT recipients had higher 1-,
3- and 5-year mortality than their nonfrail counterparts (Table 2), although the 1-year
survival was similar for recipients who were nonfrail and frail at age 45-64 as well as the 3-
year survival for recipients who nonfrail and frail at age >65.

In an unadjusted regression model, frail KT recipients had 2.58-fold (95% CI: 1.21-5.49, p
= 0.014) increased risk of mortality compared to those who were nonfrail (Table 3). There
was a “dose response” of frailty, such that the risk of mortality was lowest for the nonfrail,
greater for the intermediately frail and greatest for the frail KT recipients (p for trend =
0.013). After adjusting for confounders using our novel hybrid registry-augmented model,
frail KT recipients had 2.17-fold (95% CI: 1.01-4.65, p = 0.047) increased risk of mortality
than those who were nonfrail. The dose response of frailty and mortality remained after
adjustment for confounders (p for trend = 0.046). Results were similar when we directly
adjusted for the confounders in a single-center forced model sensitivity analysis (Table 3)
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and using CART we identified frailty as the third most important independent predictor of
mortality among all the SRTR variables.

Additionally, frailty improves the predictive accuracy (C-statistic 0.735 without frailty and
0.751 with frailty)— to the same extent as age and diabetes but to a greater extent than sex
or race. In other words, the improvement of C-statistic by adding frailty was similar to the
improvement observed by adding age (C-statistic 0.740 without age and 0.751 with age) and
diabetes (C-statistic 0.737 without diabetes and 0.750 with diabetes), but stronger than the
improvement observed by adding sex (C-statistic 0.748 without sex and 0.748 with sex) or
race (C-statistic 0.750 without race and 0.751 with race).

Effect heterogeneity

Consistent with our previous findings in KT (11), the association of frailty and mortality did
not differ between older and younger KT recipients (interaction p = 0.74), men and women
(interaction p = 0.26) or African American and white KT recipients (interaction p = 0.37).

Discussion

In this single-center prospective, longitudinal study of 537 patients, frail KT recipients were
at 2.17-fold increased risk of mortality compared to their nonfrail counterparts, even after
accounting for recipient, donor and transplant confounders using a novel, efficient analytical
method. The hybrid registry-augmented model proved to be a feasible solution to the
problem of adjusting for multiple confounders in a single-center (relatively small-volume)
study of a novel risk factor.

In community-dwelling older adults, frailty was a strong predictor of mortality, with a 2.24-
fold (95% Cl: 1.51-3.33) increased risk of mortality in those who were frail after adjusting
for potential confounders (2). In older adults undergoing percutaneous coronary
interventions, frailty was associated with a 4.19-fold (95% CI: 1.85-9.51) increased risk of
mortality (25). Additionally, in a cohort of patients of all ages undergoing hemodialysis, we
observed a 2.60-fold (95% CI: 1.04-6.49) increased risk of mortality in those who were frail
after adjusting for confounders (22). These estimates of the independent association of
frailty and mortality are similar to the risk we observed in this study of KT recipients of all
ages. These similarities across study populations suggest that frailty captures a unique
domain of risk, namely physiologic reserve, that is, associated with increased mortality risk,
not only older adults, but also patients with ESRD.

Identification of novel recipient risk factors, like frailty, has previously been challenging, as
most studies of post-KT outcomes were either registry studies that draw on a large sample
size but limited breadth of data capture, or single-center studies that could potentially
capture novel factors but were commonly too small to properly adjust for the many factors
that are already well-known. However, our novel hybrid registry-augmented model helps
overcome the challenge of adjusting for all of these confounders in single-center studies.
Our method allows for the estimation of the impact of a novel risk factor with precision but
without the risk of overfitting inherent in models with small sample sizes. This novel
method is needed to adjust for all of the confounders that are measured in SRTR/OPTN
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registry models when estimating the association of novel risk factors and post-KT mortality
in single-center studies. However, there are limitations to this novel method. While we are
able to leverage information from the SRTR/OPTN registry, we recognize that we are
limited by missing and misclassified data.

Strengths of this study were the prospective measurement of a validated, objective frailty
instrument and reliable ascertainment of the recipient, donor and transplant factors.
Additionally, our novel analytical method helped us properly yet efficiently adjust for many
confounders, without overfitting the model. The main limitation was the single-center study
design. However, we were able to overcome this limitation by developing a new method to
leverage registry data and apply it to our single-center cohort. Furthermore, the lack of effect
heterogeneity by major recipient characteristics suggests that our findings are generalizable
to other populations that might not share the same characteristics as ours. We recognize that
due to the relatively few outcomes in our single-center study, we may not be powered to
detect all interactions with frailty. Additionally, measurements of frailty were only available
at the time of transplantation; however, any subsequent measures of frailty will be impacted
by the transplant.

In conclusion, frailty is an independent risk factor for mortality in KT recipients of all ages.
This novel measure of physiologic reserve was associated with a 2.17-fold increase in risk
even after accounting for many recipient, donor and transplant factors. Frailty, as defined by
Fried et al (2), may be useful in clinical transplant practice because it takes less than 10 min
to measure, patients are able to complete the assessment prior to KT and the score is easy to
interpret. Recipients who are frail at the time of KT should be identified and managed
accordingly. Patient survival may be improved by closer monitoring of frail recipients after
KT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank the study participants, as well as the research staff at Johns Hopkins, especially Amanda Brennan Weaver
and Erika Jones for their dedication to this study. This study was supported by NIH grant RO1LAG042504 (PI: DS).
MAM-D was supported by the American Society of Nephrology Carl W. Gottschalk Research Scholar Grant and
Johns Hopkins University Claude D. Pepper Older Americans Independence Center, National Institute on Aging
(P30-AG021334) and KO1AG043501 from the National Institute on Aging. MS was supported by T32AG000247
from the National Institute on Aging. EK was supported by F32AG044994 from the National Institute on Aging.
BO was supported by F32DK093218 from the National Institute of Diabetes and Digestive and Kidney Diseases of
the NIH. NG and DS were supported by the Doris Duke Charitable Foundation Clinical Research Mentorship
Grant. The data reported here have been supplied by the Minneapolis Medical Research Foundation (MMRF) as the
contractor for the Scientific Registry of Transplant Recipients (SRTR). The interpretation and reporting of these
data are the responsibility of the author(s) and in no way should be seen as an official policy of or interpretation by
the SRTR or the US Government.

Abbreviations

CART Classification and Regression Tree

AmJ Transplant. Author manuscript; available in PMC 2015 February 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McAdams-DeMarco et al

. Page 7

DCD donation after cardiac death donor

ECD deceased expanded criteria

ESRD end-stage renal disease

HCV hepatitis C virus

IQR interquartile range

KT kidney transplantation

OPTN Organ Procurement and Transplant Network

PRA panel reactive antibody

SRTR Scientific Registry of Transplantation Recipients
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Figure 1. Distribution of frailty score at the time of kidney transplantation (n = 537)
Nonfrail was defined as a score of 0 or 1, intermediately frail was defined as a score of 2 and

frail was defined as a score of 3 or higher.
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o Nonfrail
Q]| ————- Intermediately Frail
Frail
o4
T T T T T T
0 1 2 3 4 5
Years since KT
Number at risk
Nonfrail 253 225 180 120 81 14
Intermediately Frail 177 158 110 72 46 8
Frail 107 83 60 42 g 10

Figure 2. Survival, by frailty status at the time of transplantation (n = 537)
Log-rank test p-value = 0.0396. Nonfrail was defined as a score of 0 or 1, intermediately

frail was defined as a score of 2 and frail was defined as a score of 3 or higher.
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Kidney transplantation (KT) recipients, stratified by frailty status at the time of transplantation (n = 537)

Table 1

Nonfrail (n=253) Intermediately frail (n =177) Frail (n=107) p-Value
Recipient
Age 50.7 (14.0) 54,5 (13.7) 55.8 (14.0) 0.002
African American race 37.6 39.6 411 0.8
Female sex 39.9 40.7 39.3 0.9
BMI (kg/m?) 27.3(6.0) 27.6 (5.7) 27.6 (5.9) 0.9
Diabetes 13.8 22.0 20.6 0.1
Time on dialysis (years) 2.0(0.4-4.4) 2.0 (0.5-3.8) 1.7 (0.4-3.7) 0.5
HCV positive 8.3 7.9 12.2 0.4
Previous transplant 18.2 13.0 17.8 0.3
Transplant
PRA=0 38.3 36.2 59.8 0.8
0 HLA mismatch 4.0 5.7 3.7 0.7
Preemptive KT 21.3 13.6 17.8 0.1
Cold ischemia time 9.7 (1.7-24.0) 12.8(1.6-28.6) 10.5(2.1-26.4) 0.5
Donor
Live donor 48.2 42.8 42.1 0.3
ECD 4.0 4.0 12.2 0.01
DCD 7.5 9.6 8.4 0.7
White race 73.9 71.2 74.8 0.8
History of hypertension 14.2 15.3 20.6 0.3
Creatinine > 1.5 15.8 17.0 12.2 0.6

Page 11

Nonfrail was defined as a score of 0 or 1, intermediately frail was defined as a score of 2 and frail was defined as a score of 3 or higher. The mean
[SD] are presented for age and BMI. The median and interquartile range are presented for time on dialysis and cold ischemia time. All other
measures are %. HCV, hepatitis C virus; PRA, panel reactive antibody; ECD, deceased expanded criteria; DCD, donation after cardiac death donor.

AmJ Transplant. Author manuscript; available in PMC 2015 February 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

McAdams-DeMarco et al.

Survival, by frailty status at the time of transplantation (n = 537) and stratified by chronologic age

Table 2

Nonfrail (n = 253)

Intermediately frail (n = 177)

Frail (n = 107)

All ages
1-year
3-year
5-year

<45
1-year
3-year
5-year

45-64
1-year
3-year
5-year

265
1-year
3-year
5-year

98.4 (95.8-99.4)
93.7 (89.0-96.4)
91.5 (85.6-95.1)

100
100
100

97.7 (93.2-99.3)
94.5 (87.9-97.5)
92.9 (85.1-96.6)

97.5 (83.6-99.6)
80.8 (61.8-91.0)
74.0 (50.9-87.5)

97.6 (93.7-99.1)
90.3 (81.4-93.7)
86.0 (77.1-91.7)

100
92.2 (71.8-98.0)
92.2 (71.8-98.0)

96.5 (89.6-98.9)
88.1 (76.8-94.1)
84.1 (69.3-92.2)

97.4 (83.2-99.6)
87.9 (65.4-96.2)
82.4 (58.2-93.3)

94.3 (87.7-97.4)
90.2 (81.7-94.8)
77.5 (60.9-87.7)

96.7 (72.9-99.4)
89.7 (64.0-97.4)
89.7 (64.0-97.4)

98.2 (87.8-99.7)
93.0 (79.5-97.7)
76.5 (50.9-89.9)

85.8 (66.3-94.4)
85.8 (66.3-94.4)
73.5 (39.7-90.3)
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Patient survival is %. Nonfrail was defined as a score of 0 or 1, intermediately frail was defined as a score of 2 and frail was defined as a score of 3

or higher. Survival is shown as estimate and 95% confidence interval, and was estimated using a Kaplan-Meier approach.
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Table 3

Risk of mortality in kidney transplantation (KT) recipients, by frailty status at the time of transplantation (n =
537)

Hazard ratio (95% confidenceinterval) for mortality

Unadj usted Adjusted (hybrid)  Adjusted (traditional
Intermediately frail  1.70 (0.82-3.52) 1.49 (0.73-3.06) 1.4 (0.69-3.02)
p-Value 0.153 0.276 0.332
Frail 258 (1.21-549) 217 (1.01-4.65)  2.22 (1.03-4.81)
p-Value 0.014 0.047 0.042

Nonfrail was defined as a score of 0 or 1, intermediately frail was defined as a score of 2 and frail was defined as a score of 3 or higher. The
adjusted model was adjusted for recipient age, sex, race, diabetes, time on dialysis and preemptive KT, as well as donor type (deceased standard
criteria donor, deceased expanded criteria, donation after cardiac death donor vs. live) and cold ischemia time. In the hybrid approach, we
constrained the coefficients for all the adjustment factors to be the coefficients as estimated from the Scientific Registry of Transplant Recipients.
In the traditional approach, a forced model was fit to only our single-center data.

AmJ Transplant. Author manuscript; available in PMC 2015 February 18.



