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Abstract

Background: The epidemiology and outcomes of acute kidney injury (AKI) in prevalent non-renal solid organ
transplant recipients is unknown.

Methods: We assessed the epidemiology of trends in acute kidney injury (AKI) in orthotopic cardiac and liver
transplant recipients in the United States. We used the Nationwide Inpatient Sample to evaluate the yearly incidence
trends (2002 to 2013) of the primary outcome, defined as AKI requiring dialysis (AKI-D) in hospitalizations after cardiac and
liver transplantation. We also evaluated the trend and impact of AKI-D on hospital mortality and adverse discharge using
adjusted odds ratios (aOR).

Results: The proportion of hospitalizations with AKI (9.7 to 32.7% in cardiac and 8.5 to 28.1% in liver transplant
hospitalizations; ptrend<0.01) and AKI-D (1.63 to 2.33% in cardiac and 1.32 to 2.65% in liver transplant hospitalizations;
ptrend<0.01) increased from 2002-2013. This increase in AKI-D was explained by changes in race and increase in age and
comorbidity burden of transplant hospitalizations. AKI-D was associated with increased odds of in hospital mortality (aOR
2.85; 95% CI 2.11-3.80 in cardiac and aOR 2.00; 95% CI 1.55-2.59 in liver transplant hospitalizations) and adverse discharge
[discharge other than home] (aOR 1.97; 95% CI 1.53-2.55 in cardiac and 1.91; 95% CI 1.57-2.30 in liver
transplant hospitalizations).

Conclusions: This study highlights the growing burden of AKI-D in non-renal solid organ transplant recipients
and its devastating impact, and emphasizes the need to develop strategies to reduce the risk of AKI to improve health
outcomes.
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Background
Acute kidney injury (AKI) is an common condition in
hospitalized patients [1], and is associated with high
morbidity and mortality [2–4]. Approximately 1-in-3 cases
of AKI occur in peri-operative settings, including non
renal solid-organ transplantation [5]. The incidence of
AKI has been increasing in hospitalized patients [6, 7].
The sequelae of AKI include poor long-term survival,
increased risk of re-admissions, worsening of CKD, and
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progression to end-stage renal disease; taken together, this
adversely impacts both, health outcomes as well as health
care resources.
The incidence of non-renal solid organ transplantation

(NRSOT) including cardiac and liver transplantation has
been increasing in the United States [8]. NRSOT recipi-
ents are at risk of AKI in the short-term, and progressive
loss of kidney function in the long-term, leading to end-
stage renal disease (ESRD) [9]. The incidence of AKI
after cardiac transplant and liver transplant can range
between 10 and 50% [10, 11]. Risk of AKI in the
short-term is primarily dependent on co-morbid con-
ditions and post-operative complications (e.g. sepsis)
associated with acute care hospitalizations. On the
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other hand, long-term progressive loss of renal func-
tion is associated with multitude of factors, including
exposure to calcineurin-inhibitor use and allograft
dysfunction.
Overall, allograft and patient survival have been im-

proving over time, and this may be reflective of our abil-
ity to provide better supportive care [12–14]. With the
advent of improved induction and mantainence im-
munosuppressive therapies there have been changes in
both the timing of initiation as well as dose/duration of
calcineurin inhibitor use in the post-transplant period.
On the other hand, changes in co-morbid characteristics
(e.g. donor/recipient criteria) may also affect the risk of
post-operative complications. Thus, prospect of declin-
ing renal function, comorbid disease burden, and rea-
sons for acute care hospitalizations, all contribute
towards a pre-disposition to AKI in transplant recipients.
There are several (mostly single center) studies outlin-

ing frequency, risk factors or outcomes of AKI in imme-
diate post-transplant period [10, 15]. However, there are
limited data on the epidemiology of trends in AKI over
time, particularly severe AKI requiring dialysis (AKI-D),
in all hospitalizations among orthotopic cardiac and liver
transplant recipients. We hypothesized that changes in
treatment regimens, co-morbid characteristics, and post-
operative complications will influence the risk of AKI
during hospitalization over time. We tested this clinical
hypothesis by utilizing a large, nationally representative
database to explore national trends and impact of AKI
in orthotopic cardiac and liver transplant hospitalizations.

Methods
Data sources
We extracted our study cohort from the Nationwide In-
patient Sample (NIS) and National Inpatient Sample of
Healthcare Cost and Utilization Project (HCUP), Agency
for Healthcare Research and Quality [16]. We selected
the time period 2002–2013 based on availability of
complete data. Since the data are completely deidentified
and publically available with a data use agreement from
the HCUP, the study was considered to be Institutional
Review Board exempt by the Mount Sinai Institutional
Review Board.

Study population and design
This study was a retrospective database analysis utilizing
the Nationwide Inpatient Sample database from 2002–
2013. We included adult hospitalizations (age>18 years
of age) with prevalent cardiac and liver transplant status
by the International Classification of Diseases, Ninth Re-
vision, Clinical Modification (ICD-9-CM) codes V42.1
and V42.7 respectively. We excluded other solid organ
transplants (lung, bowel) due to lack of adequate sample
size for modeling and excluded pancreas transplant due
to high concurrence with kidney transplants. We also
excluded hospitalizations in the immediate postoperative
period and hospitalizations for complications of trans-
plant using ICD-9-CM codes of 996.8 in any diagnosis
field and hospitalizations with transplant related proce-
dures using Clinical Classification Software (CCS) for
ICD-9-CM categories 13, 64, 105 and 176. To avoid mis-
classification of hospitalizations for chronic hemodialysis
initiation, we excluded those with procedure codes for
arteriovenous access creation or revision [3]. Similarly,
we excluded hospitalizations with dialysis codes but no
AKI code, assuming that patients were receiving dialysis
for ESRD. We defined AKI by ICD-9-CM code 584.xx
and dialysis procedure was identified by presence of
ICD-9-CM procedure code of 39.95 or diagnosis code of
v45.11, v56.0 or v56.1 [17]. This approach has been used
previously and has sensitivity of 90.4%, specificity of
93.8%, and positive and negative predictive value of
94.0% and 90.0%, respectively [17].

Definition of variables
We extracted baseline characteristics of the study popu-
lation. Patient-level characteristics included age, gender,
race, quartile classification of median household income
extrapolated from ZIP Code, and primary payer
(Medicare/Medicaid, private insurance, self-pay, or no
charge). Hospital-level characteristics included hos-
pital location307 (urban/rural), hospital bed size
(small, medium, and large) and teaching status. We
defined the severity of co-morbid conditions using
Deyo’s modification of the Charlson co-morbidity
index (CCI), which contains 17 co-morbid conditions
with differential weights.
We classified AKI during hospitalization in two differ-

ent ways; AKI with dialysis (AKI-D) and AKI without
dialysis, defined based on the descriptions provided
above. Discharge disposition was grouped by [1] home
or short-term facility (routine, short-term hospital, home
intravenous provider, another rehabilitation facility, an-
other institution for outpatient services, institution for
outpatient services, discharged alive, destination un-
known) or [2] adverse discharge (skilled nursing facility,
intermediate care, hospice home, hospice medical facil-
ity, long-term care hospital, certified nursing facility).
This dichotomization of discharge disposition is com-
monly used in studies utilizing NIS data [18].

Statistical analysis
Although we reported temporal trends for all AKI, we
present detailed results for only AKI-D. We chose to
do this because the validity of administrative codes
for non-dialysis requiring AKI are poor and have
changed over time, limiting their accuracy [19]. We
compared the baseline characteristics of NRSOT
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hospitalizations in two groups: no AKI-D and AKI-D.
We utilized the chi-square test for categorical vari-
ables, Student’s t-test for normally distributed con-
tinuous variables, and the Wilcoxon rank-sum test for
non-normally distributed continuous variables. We
utilized survey logistic regression models to estimate
the impact of AKI-D on mortality and discharge dis-
position. Survey logistic regression modeling is an ap-
propriate analysis for data with nested observations
such as the NIS, which is stratified in clusters to pro-
duce national estimates. We constructed final models
after adjusting for confounders, testing for potential
interactions, and ensuring no multi-co-linearity be-
tween predictor variables. We also performed a sec-
ondary survey regression analysis to explore potential
reasons for temporal changes in AKI-D. In the first
model we included only calendar year as the predictor
and AKI-D as the outcome. Additional patient level
covariates were added in the second model to deter-
mine the degree to which they explained temporal
trends. Finally, concurrent acute/chronic comorbidities
and procedures that are known risk factors for AKI-D
were included in a third model. We performed all as-
sociation and trend analysis using designated weight
values to produce nationally representative estimates.
A two-tailed p value ≤ 0.01 using Bonferroni correc-
tion for multiple testing was considered statistically
significant. We utilized SAS 9.3 (SAS Institute Inc.
Cary, North Carolina) for all analyses.
Fig. 1 Temporal Trends of Orthotopic Heart and Liver Transplant Hospitalizat
proportion of orthotopic heart (red squares) and liver (maroon diamonds) com
estimates indicate standard errors. The red lines indicate trends in the proport
Results
We identified 130,143 hospitalizations with cardiac
transplant from 2002-13 of which 30744 (23.7%) had
AKI and 2776 (2.13%) had AKI-D. Similarly, we identi-
fied 266,987 hospitalizations with liver transplant of
which 56324 (21.1%) had AKI and 5689 (2.14%) had
AKI-D (Additional file 1: Figure S1).
Temporal trends of AKI in cardiac and liver transplant
hospitalizations
As shown in Fig. 1, the percentage of hospitalizations
complicated by AKI in both cardiac and liver transplant
hospitalizations tripled over the study period from 2002
to 2013 (9.7% to 32.7% in cardiac; ptrend<0.01 and 8.5%
to 28.1% in liver transplant hospitalizations; ptrend<0.01).
Analysis of annual rates demonstrated a forty five
percent increase in AKI-D in cardiac transplant
admissions over the study period, from 1.63% in
2002 to 2.33% hospitalizations in 2013; ptrend<0.01.
Similarly, we demonstrated a two-fold increase in
AKI-D in liver transplant admissions over the study
period, from 1.32% in 2002 to 2.65% hospitalizations
in 2013; ptrend<0.01. (Fig. 2) Subgroup analysis by
age showed that this increase was particularly strik-
ing in the age group >65 years with an increase from
1.2% to 2.8% in heart transplant and from 1.6 to
3.2% in liver transplant hospitalizations (Additional
file 2: Table S1).
ions Complicated by All Acute Kidney Injury. This figure demonstrates the
plicated by acute kidney injury per year. The error bars around the
ions from 2002 to 2013



Fig. 2 Temporal Trends of Orthotopic Heart and Liver Transplant Hospitalizations Complicated by Acute Kidney Injury Requiring Dialysis. This
figure demonstrates the proportion of orthotopic heart (red squares) and liver (maroon diamonds) complicated by acute kidney injury requiring
dialysis per year. The error bars around the estimates indicate standard errors. The red lines indicate trends in the proportions from 2002 to 2013
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Cardiac transplant hospitalizations
The demographics and comorbidity burden of hospitalization
with heart transplant changed significantly over the
study period. The mean age increased from 56.8 to
59.1 years; hospitalizations with black race increased
from 5.4 to 16.1% and hospitalizations with high co-
morbidity burden (CCI>2) tripled from 27.4% to
68.8%. (Fig. 3 and Additional file 2: Table S1). The
baseline characteristics of cardiac transplant hospitali-
zations complicated by AKI-D vs. those without are
shown in Table 1. Hospitalizations with AKI-D were
older (60.7 vs. 58.2 years) and more often male (76.4% vs.
72.6%; p<0.001) than those without. They also had worse
co-morbidity scores (p<0.01) Finally, they exhibited sig-
nificantly higher proportions of hypertension, liver disease,
acute myocardial infarction, sepsis, cardiac catheteriza-
tions and mechanical ventilation. Interestingly, we identi-
fied a lower proportion of diabetes mellitus in AKI-D
patients vs. those without. AKI-D patients were more
likely to have a lower income status and more likely to be
Medicare/Medicaid beneficiaries. With respect to
hospital level characteristics, hospitalizations in large,
urban-teaching hospitals were more likely to have
AKI-D documented.
A series of sequential models to attempt to explain

temporal increase in AKI-D trends is shown in Table 2.
A univariable model including only calendar year dem-
onstrated that the odds of AKI-D increased annually by
approximately 5% (OR 1.05; 95% CI 1.02-1.09) between
2002 and 2013. Adjustment for patient demographics at-
tenuated this to a 3% annual increase (adjusted OR 1.03;
95% CI 1.00-1.06). After adjustment for both demographics
and concurrent comorbidities and procedures, the impact
of calendar year was completely attenuated (adjusted OR
1.01, 95% CI 0.90-1.05;p=0.39). The significant comorbidi-
ties associated with increased temporal trend in AKI-D is
shown in Table 3.
AKI-D occurring during hospitalizations in cardiac

transplant recipients was associated with three-fold odds
of mortality (adjusted OR 2.85; 95% CI 2.11-3.80) and
two-fold odds of adverse discharge (adjusted OR 1.97;
95% CI 1.53-2.55) after adjusting for patient and hospital
level confounders (Table 4).

Liver transplant hospitalizations
The demographics and comorbidity burden of hospitalization
with heart transplant changed significantly over the
study period. The mean age increased from 53.2 to 67.5
years; hospitalizations with black race increased from
4.5 to 8.5% and hospitalizations with high comorbidity
burden (CCI>2) doubled from 24.2 to 53%. (Fig. 3 and
Additional file 2: Table S1). The baseline characteristics



Table 1 Baseline characteristics of study population stratified by acute kidney injury requiring dialysis

Heart Transplant Without
AKI-D (n=127367)

Heart Transplant With
AKI-D (n=2776)

p Liver Transplant Without
AKI-D (n=261298)

Liver Transplant With
AKI-D (n=5689)

p

Age Mean (SE) 58.2 (0.25) 60.7 (0.65) <0.01 55.6 (0.16) 58.7 (0.38) <0.01

18–34 8.75 6.79 8.21 4.06

35–49 12.46 8.75 15.69 11.21

50–64 40.1 38.09 51.9 54.07

≥65 38.7 46.37 24.2 30.65

Gender <0.01 <0.01

Male 72.55 76.43 59.88 63.14

Female 27.41 23.57 40.04 36.86

Race 0.05 <0.01

White 63.34 66.19 61.73 60.62

Black 11.38 11.96 6.53 8.1

Hispanic 5.33 5.13 10.79 11.76

Others 3.51 4.62 5.28 5.89

Missing 16.44 12.1 15.67 13.63

Charlson Comorbidity Index <0.01 <0.01

0 27.43 12.56 34.77 12.33

1 22.56 12.77 24.11 11.17

2 50 74.67 41.11 76.49

Concurrent Diagnosis

Diabetes Mellitus 41.04 37.09 <0.01 39.96 41.35 0.03

Hypertension 63.96 74.18 <0.01 49.29 65.21 <0.01

Chronic Kidney Disease 31.26 31.75 0.57 20.7 25.07 <0.01

Acute or Chronic Liver Disease 3.42 13.22 <0.01 NA NA NA

Liver or intrahepatic biliary
Cancer

0.09 0 0.111 6.97 3.94 <0.01

Sepsis 6.33 31.25 <0.01 7 27.52 <0.01

Acute Myocardial Infarction 0.68 1.37 <0.01 1.66 3.84 <0.01

Primary Acute Heart Failure 2.92 3.28 0.2684 1.94 4.68 <0.001

Cardiac catheterizations 4.73 2.26 <0.01 2.77 2.47 0.1707

Mechanical ventilation 4.73 2.26 <0.01 2.8 22.51 <0.01

Zip code Income (%) <0.01 <0.01

0-25 percentile 22.01 19.27 22.72 23.67

26-50 percentile 23.46 22.12 23.08 21.62

51-75 percentile 23.7 26.76 23.87 25.11

76-100 percentile 22.99 25.47 22.77 23.56

Primary Payer <0.01 <0.01

Medicare/Medicaid 68 73.47 59.5 61.61

Private 28.54 25.33 36.53 34.87

Uninsured/Self pay 3.33 1.19 3.81 3.52

Hospital Characteristics

Hospital bed size <0.01 <0.01

Small 5.27 3.07 7.67 6.43

Medium 15.58 14.21 17.58 14.9
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Table 1 Baseline characteristics of study population stratified by acute kidney injury requiring dialysis (Continued)

Large 78.83 82.55 74.16 77.86

Hospital Location <0.01 <0.01

Rural 6.35 0.82 6.63 1.94

Urban non teaching 21.35 21.96 24.08 22.5

Urban teaching 71.97 77.06 68.68 74.75

Both populations were compared utilizing chi-square test, Wilcoxon rank sum test and survey regression depending on the distributions of individual variables. ¥
Quartile classification of the estimated median household income of residents in the patient’s ZIP Code. These values are derived from ZIP Code-demographic data
obtained from Claritas

Nadkarni et al. BMC Nephrology  (2017) 18:244 Page 6 of 10
of liver transplant hospitalizations complicated by AKI-D vs.
those without are shown in Table 1. Similar to cardiac trans-
plant, hospitalizations with AKI-D were older and more
male and with a higher proportion of African Americans/
Hispanic compared to those without. They also tended to
have worse co-morbidity scores. Finally, they exhibited
significantly higher proportions of chronic comorbidities in-
cluding diabetes mellitus, hypertension, liver disease, chronic
kidney disease and liver/biliary cancer. They also had a
higher proportion of acute comorbidities including acute
myocardial infarction, sepsis, heart failure and mechanical
ventilation. They also had lower income status and were
a

Fig. 3 Temporal Trends in comorbidity index in all Orthotopic Heart and Liver
Orthotopic Heart (a) and Liver Transplant Hospitalizations (b) with different class
heart and liver transplant hospitalizations with CCI>2 increased substantially ove
more likely to be Medicare/Medicaid beneficiaries. With re-
spect to hospital level characteristics, NRSOT hospitaliza-
tions in large, urban-teaching hospitals were more likely to
have AKI-D documented.
Similar to cardiac transplant, a univariable model in-

cluding only calendar year demonstrated that the odds of
AKI-D increased annually by 6% (OR 1.06; 95% CI 1.04-
1.08) between 2002 and 2013. Adjustment for patient
demographics attenuated this to a 4% annual increase
(adjusted OR 1.04; 95% CI 1.01-1.06). After adjustment
for both demographics and concurrent comorbidities and
procedures, the impact of calendar year was completely
b

Transplant Hospitalizations. This figure demonstrates the percentage of
es of Charlson comorbidity index. As shown, the percentage of orthotopic
r the study period



Table 2 Sequential Adjusted Models to Explain Temporal Trends of AKI Requiring Dialysis

Unadjusted Odds Ratio/year
(95% CI)

P Adjusted Odds Ratio/year (95% CI)
Model 1

P Adjusted Odds Ratio/year (95% CI)
Model 2

P

Heart
transplant

1.05 (1.02 - 1.09) <0.01 1.03 (1 - 1.06) 0.04 1.01 (0.9 - 1.05) 0.39

Liver
transplant

1.06 (1.04 - 1.08) <0.01 1.04 (1.01 - 1.06) <0.01 1.024 (0.99 - 1.05) 0.09

Model 1: Adjusted for changes in age, sex and race
Model 2: Model 1 + Changes in comorbidities (HIV status, diabetes, hypertension, CKD, sepsis, heart failure, chronic liver diseases, liver cancer) and procedures
(cardiac catheterizations and mechanical ventilation)
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attenuated (adjusted OR 1.02, 95% CI 0.99-1.05;p=0.10).
The significant comorbidities associated with increased
temporal trend in AKI-D is shown in Table 3.
AKI-D occurring during hospitalizations in liver trans-

plant recipients was associated with two-fold odds of
mortality (adjusted OR 2.00; 95% CI 1.55-2.59) and two-
fold odds of adverse discharge (adjusted OR 1.91; 95%
CI 1.57-2.30) after adjusting for patient and hospital
level confounders (Table 4).

Discussion
In our analysis of nationally representative data, we
demonstrate that the incidence of AKI-D in subsequent
hospitalizations after receiving orthotopic cardiac and
liver transplant has significantly increased from 2002–
2013. We also show that temporal changes in demo-
graphics, comorbidities and procedures in part explain
the increased yearly incidence. Finally AKI-D is signifi-
cantly associated with an increased risk of mortality and
adverse discharge among cardiac and liver transplant
recipients.
Previous estimates of AKI and AKI-D in the immedi-

ate post transplantation period for orthotopic cardiac
transplant range from 5–10% and for liver transplant
range from 8–17% [10, 11, 20, 21], However, these stud-
ies were from a single year and/or center. In addition,
they chose to focus on cross sections of cohorts rather
than examining trends. Here, we chose to focus our
Table 3 Significant Comorbidities associated with Increased Tempo

Heart Transplant

OR (95% CI)

Year 1.01 (0.9 - 1.1)

Hypertension 1.93 (1.5 - 2.4)

Diabetes Mellitus 0.81 (0.6 - 0.9)

Chronic Kidney Disease 0.77 (0.5 - 1.0)

Sepsis 4.05 (3.1 - 5.1)

Primary Acute Heart Failure 2.38 (1.9 - 2.9)

Cardiac catheterization 0.53 (0.2 - 1.0)

Liver Disease 2.89 (2.1 - 3.9)

Mechanical Ventilation 5.90 (4.5 - 7.7)
analyses on AKI-D as our main outcome measure. This
was largely due to prior publications emanating from
administrative databases indicating that the specificity
and sensitivity of transplant status and AKI-D codes
are excellent. On the other hand, studies focusing on
long-term renal sequelae after NRSOT have estab-
lished relationship between post-operative AKI event
and cumulative incidence of CKD over time [9].
We demonstrate that the incidence of AKI-D in subse-

quent hospitalizations following cardiac and liver trans-
plantations increased over time and is tenfold higher than
in the general population without NRSOT [3]. In addition,
the temporal trend of AKI-D frequency has significantly
increased over the study period; and changes in demo-
graphics, acute/chronic comorbidities and procedures are
partly responsible for this rise. In other words, over time,
as we are able to offer and achieve transplantation in pa-
tients with greater co-morbid disease burden, complica-
tions like AKI-D during subsequent acute care have
increased. This raises the possibility that with improving
graft/patient survival, in addition to transplant related
risks, transplant recipients are also susceptible to demo-
graphic and comorbidity related risk factors, which may
contribute to higher incidence of AKI-D over time [22]
Considering, the growing evidence linking AKI and CKD,
an increased incidence of AKI-D could be in part respon-
sible for the increased chronic renal dysfunction seen in
solid organ transplant recipients [23].
ral Trend of AKI-D in Heart and Liver Transplant Hospitalizations

Liver Transplant

P OR (95% CI) P

0.39 1.02 (0.9 - 1.1) 0.09

<0.001 1.84 (1.5 - 1.1) <0.001

0.03 0.92 (0.8 - 0.0) 0.31

0.05 0.82 (0.6 - 0.0) 0.06

<0.001 3.25 (2.7 - 3.3) <0.001

<0.001 3.07 (2.5 - 3.3) <0.001

0.06 0.64 (0.4 - 0.0) 0.04

<0.001 - -

<0.001 5.40 (4.3 - 5.5) <0.001



Table 4 Adjusted Estimates of Impact of Acute Kidney Injury Requiring Dialysis on Mortality and Adverse Discharge

Proportion of Non AKI-D vs. AKI-D Adjusted Odds Ratio (95% Confidence Interval) P

Mortality

Heart transplant 2.11% vs. 16.94% 2.85 (2.11 - 3.8) <0.01

Liver transplant 1.61% vs. 11.65% 2.00 (1.55- 2.59) <0.01

Adverse Discharge

Heart transplant 13.61% vs. 27.93% 1.97 (1.53-2.55) <0.01

Liver transplant 13.38% vs. 34.21% 1.91 (1.57-2.30) <0.01
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We also demonstrate that risks for AKI-D differ in
cardiac and liver transplant hospitalizations. For ex-
ample, CKD was associated with AKI-D in liver but not
cardiac transplant hospitalizations. It is plausible that
under-recognition of renal dysfunction due to inability
of serum creatinine to accurately estimate renal function
in in liver transplant settings may lead to “CKD” diagno-
sis to represent more severe kidney disease than other
settings [24]. However, this study does provide insight
into several major risk factors, which could be used to
risk-stratify those recipients who may be at a higher risk
of developing AKI-D in hospitalizations after their trans-
plant surgeries.
Our analysis has limitations. NIS registries do not pro-

vide patient level data, including laboratory data or medi-
cation data. Thus we could not ascertain baseline CKD
stage or the contribution of medications to the develop-
ment of AKI-D. Also since the data are completely de-
identified, we cannot delineate the risk of recurrent epi-
sodes of AKI-D or recurrent hospitalizations in the same
patients over time. Also, we chose to focus on AKI-D as
our main outcome measure. This was largely due to prior
publications emanating from administrative databases in-
dicating that the specificity and sensitivity of transplant
status and AKI-D codes are excellent [25]. Although we
cannot exclude more liberal use of acute dialysis over time
[26], in the general population both dialysis-requiring and
laboratory-defined AKI have been increasing in incidence
[6]. We also could not distinguish between intermittent
and continuous dialysis therapies. We are also unable to
account for unmeasured confounders that could be asso-
ciated with increasing incidence of AKI –D, such as de-
gree of severity of acute illness, although we use the
Charlson comorbidity score to adjust for comorbid disease
burden, which is the present standard utilized when ana-
lyzing administrative databases. Also, our study design did
not include immediate post-operative dialysis requirement
or those who could have died before being considered at
risk for receiving dialysis during subsequent hospitaliza-
tions. We expect this proportion to be relatively small
[27]. More importantly, we did not include immediate
post transplant period, as “new dialysis” in immediate
perioperative period especially for liver transplant may not
necessarily be employed for AKI, but could be for pre-
operative CKD/AKI, as well as other fluid/electrolyte and
volume related indications. Finally, we could not ascertain
the indication for dialysis since we lacked patient level,
granular data Thus, although our analysis provides a con-
servative estimate of the rising burden of AKI-D in
transplant-associated hospitalizations; we believe that it is
a more accurate reflection of dialysis requirement for true
kidney injury.

Conclusions
In summary, this nationwide sample provides secular,
temporal trends of AKI-D in recipients of orthotopic
heart and liver transplant hospitalizations. With an
established connection between post-transplant AKI
and CKD, it is important to study the growing burden
of those who develop AKI and are at risk of CKD after
transplant. Also, the analysis indicates that the rising
trends in AKI-D requirement is in part explained by
demographics and co-morbid disease burden of trans-
plant recipients over time. Said in another way, as we
get better at caring for older and sicker patients to sur-
vive with transplantation, we need to recognize the
medical and healthcare economic burden associated
with complex complications such as AKI-D. As was
shown, AKI-D in transplant recipients is associated
with higher mortality and adverse discharge. Future
studies need to delineate risk factors and outcomes of
milder forms of AKI by utilizing patient-level laboratory
information and medication information. Additionally,
we need to develop strategies to reduce the risk of AKI
in solid organ transplant recipients to improve health
outcomes.

Additional files

Additional file 1: Figure S1. Sequential derivation of the study
population from NIS 2002-2013 database. This figure demonstrates the
derivation of the study population of interest from the larger Nationwide
Inpatient Sample database. (PPTX 57 kb)

Additional file 2: Table S1. Changes in Demographics and Comorbidities
for Heart and Liver Transplant Hospitalizations from 2002-2013. This table
shows the changes in demographics and Charlson comorbidity index for
Heart and Liver Transplant Hospitalizations from 2002-2013. (DOCX 145 kb)

dx.doi.org/10.1186/s12882-017-0657-8
dx.doi.org/10.1186/s12882-017-0657-8


Nadkarni et al. BMC Nephrology  (2017) 18:244 Page 9 of 10
Abbreviations
AKI: Acute kidney injury; AKI-D: AKI requiring dialysis; CCI: Charlson co-morbidity
index; CCS: Clinical Classification Software; ESRD: End-stage renal disease;
HCUP: Healthcare Cost and Utilization Project; ICD-9-CM: International
Classification of Diseases, Ninth Revision, Clinical Modification; NIS: Nationwide
Inpatient Sample; NRSOT: Non-renal solid organ transplantation

Acknowledgements
None

Funding
Research reported in this publication was supported by the National Institute
Of Diabetes And Digestive And Kidney Diseases of the National Institutes of
Health under Award Number K23DK107908 to GNN. The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

Availability of data and materials
All of the data used in this study is publicly available at the HCUP website:
https://www.hcup-us.ahrq.gov/nisoverview.jsp#data subject to a data use
agreement with the HCUP.

Authors’ contributions
GNN: Study concept and design; Acquisition of data; Analysis and interpretation of
data; Drafting of the manuscript; Critical revision of the manuscript for important
intellectual content. KC: Acquisition of data; Statistical Analysis; Drafting of the
manuscript; Critical revision of the manuscript for important intellectual content.
AP: Analysis and interpretation of data; Drafting of the manuscript; Statistical
analysis. AS: Acquisition of data; Drafting of the manuscript; Administrative and
material support. PP: Drafting of the manuscript; Critical revision of the manuscript
for important intellectual content; Technical and material support. SK: Drafting of
the manuscript; Critical revision of the manuscript for important intellectual
content; Material and administrative support. SP: Drafting of the manuscript;
Critical revision of the manuscript for important intellectual content; Material and
administrative support. RF: Acquisition of data; Critical revision of the manuscript
for important intellectual content; Material and administrative support. IK:
Acquisition of data; Critical revision of the manuscript for important intellectual
content; Material and administrative support. PG: Acquisition of data; Critical
revision of the manuscript for important intellectual content; Material and
administrative support. MCM: Acquisition of data; Critical revision of the
manuscript for important intellectual content; Material and administrative support.
CT: Study concept and design; Analysis and interpretation of data; Drafting of the
manuscript; Critical revision of the manuscript for important intellectual content;
Overall study supervision. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Due to the deidentified, publically available nature of this data this research
was considered to be institutional review board exempt by the institutional
review board of Mount Sinai Health Systems. In addition, GNN has obtained
a data use agreement with the HCUP for use of this data.

Consent for publication
Not applicable

Competing interests
Dr. Nadkarni and Garimella are editorial board members of BMC Nephrology.
The other authors do not have any competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details
1Division of Nephrology, Department of Medicine, Icahn School of Medicine
at Mount Sinai, New York, NY, USA. 2Division of Critical Care, Department of
Medicine, Sir H.N. Reliance Hospital and Research Center, Mumbai, India.
3Division of Nephrology, Department of Medicine, University of California
San Diego, San Diego, CA, USA. 4Division of Nephrology, Kidney CARE
Program, University of Cincinnati, Cincinnati, USA. 5Renal Section, Cincinnati
VA Medical Center, Cincinnati, OH, USA. 6Division of Nephrology and
Hypertension, ML 0585, 231 Albert B Sabin Way, Cincinnati, OH 45267, USA.
Received: 15 February 2017 Accepted: 5 July 2017
References
1. Singbartl K, Kellum JA. AKI in the ICU: definition, epidemiology, risk

stratification, and outcomes. Kidney Int. 2012;81:819–25.
2. Hsu C, Chertow GM, McCulloch CE, Fan D, Ordoñez JD, Go AS. Nonrecovery

of kidney function and death after acute on chronic renal failure. Clin. J. Am.
Soc. Nephrol. 2009;4:891–8.

3. Hsu RK, McCulloch CE, Dudley RA, Lo LJ, Hsu C. Temporal changes in
incidence of dialysis-requiring AKI. J. Am. Soc. Nephrol. 2013;24:37–42.

4. Liangos O, Wald R, O’Bell JW, Price L, Pereira BJ, Jaber BL. Epidemiology and
outcomes of acute renal failure in hospitalized patients: a national survey.
Clin. J. Am. Soc. Nephrol. 2006;1:43–51.

5. Thakar CV. Perioperative acute kidney injury. Adv. Chronic Kidney Dis. 2013;
20:67–75.

6. Hsu C-Y, McCulloch CE, Fan D, Ordoñez JD, Chertow GM, Go AS.
Community-based incidence of acute renal failure. Kidney Int. 2007;72:
208–12.

7. Rewa O, Bagshaw SM. Acute kidney injury-epidemiology, outcomes and
economics. Nat. Rev. Nephrol. 2014;10:193–207.

8. Scientific Registry of Transplant Recipients [Internet]. Available from:
http://www.srtr.org/ [cited 2016 Feb 12]

9. Ojo AO, Held PJ, Port FK, Wolfe RA, Leichtman AB, Young EW, Arndorfer J,
Christensen L, Merion RM. Chronic renal failure after transplantation of a
nonrenal organ. N. Engl. J. Med. 2003;349:931–40.

10. Boyle JM, Moualla S, Arrigain S, Worley S, Bakri MH, Starling RC, Heyka R,
Thakar CV. Risks and Outcomes of Acute Kidney Injury Requiring Dialysis
After Cardiac Transplantation. Am. J. Kidney Dis. 2006;48:787–96.

11. Barri YM, Sanchez EQ, Jennings LW, Melton LB, Hays S, Levy MF, Klintmalm
GB. Acute kidney injury following liver transplantation: Definition and
outcome. Liver Transpl. 2009;15:475–83.

12. Lund LH, Edwards LB, Kucheryavaya AY, Benden C, Christie JD, Dipchand AI,
Dobbels F, Goldfarb SB, Levvey BJ, Meiser B, Yusen RD, Stehlik J. International
Society of Heart and Lung Transplantation: The registry of the International
Society for Heart and Lung Transplantation: thirty-first official adult heart
transplant report–2014; focus theme: retransplantation. J. Heart Lung
Transplant. 2014;33:996–1008.

13. Jain A, Reyes J, Kashyap R, Dodson SF, Demetris AJ, Ruppert K, Abu-Elmagd
K, Marsh W, Madariaga J, Mazariegos G, Geller D, Bonham CA, Gayowski T,
Cacciarelli T, Fontes P, Starzl TE, Fung JJ. Long-Term Survival After Liver
Transplantation in 4,000 Consecutive Patients at a Single Center. Ann. Surg.
2000;232:490–500.

14. Gruessner AC, Sutherland DER. Pancreas transplant outcomes for United
States (US) cases as reported to the United Network for Organ Sharing
(UNOS) and the International Pancreas Transplant Registry (IPTR). Clin.
Transpl. 2008;45–56

15. Caragata R, Wyssusek KH, Kruger P. Acute kidney injury following liver
transplantation: a systematic review of published predictive models.
Anaesth. Intensive Care. 2016;44:251–61.

16. HCUP Overview. Healthcare Cost and Utilization Project (HCUP). [Internet].
Available from: http://www.HCUP-us.ahrq.gov/overview.jsp 2009.

17. Waikar SS, Wald R, Chertow GM, Curhan GC, Winkelmayer WC, Liangos O,
Sosa M-A, Jaber BL. Validity of International Classification of Diseases, Ninth
Revision, Clinical Modification Codes for Acute Renal Failure. J. Am. Soc.
Nephrol. 2006;17:1688–94.

18. Hoh BL, Chi Y-Y, Waters MF, Mocco J, Barker FG. Effect of Weekend
Compared With Weekday Stroke Admission on Thrombolytic Use, In-
Hospital Mortality, Discharge Disposition, Hospital Charges, and Length of
Stay in the Nationwide Inpatient Sample Database, 2002 to 2007. Stroke.
2010;41:2323–8.

19. Grams ME, Waikar SS, MacMahon B, Whelton S, Ballew SH, Coresh J.
Performance and Limitations of Administrative Data in the Identification of
AKI. Clin. J. Am. Soc. Nephrol. 2014;9:682–9.

20. Greenberg A, Egel JW, Thompson ME, Hardesty RL, Griffith BP, Bahnson HT,
Bernstein RL, Hastillo A, Hess ML, Puschett JB. Early and late forms of
cyclosporine nephrotoxicity: studies in cardiac transplant recipients. Am. J.
Kidney Dis. 1987;9:12–22.

21. Lewandowska L, Matuszkiewicz-Rowinska J. Acute kidney injury after
procedures of orthotopic liver transplantation. Ann. Transplant. 2011;16:103–8.

https://www.hcup-us.ahrq.gov/nisoverview.jsp#data
http://www.srtr.org
http://www.hcup-us.ahrq.gov/overview.jsp


Nadkarni et al. BMC Nephrology  (2017) 18:244 Page 10 of 10
22. Hsu RK, McCulloch CE, Heung M, Saran R, Shahinian VB, Pavkov ME, Burrows
NR, Powe NR, Hsu CY, Centers for Disease Control and Prevention Chronic
Kidney Disease Surveillance Team. Exploring Potential Reasons for the
Temporal Trend in Dialysis-Requiring AKI in the United States. Clin. J. Am.
Soc. Nephrol. 2016;11(1):14–20.

23. Chawla LS, Kimmel PL. Acute kidney injury and chronic kidney disease: an
integrated clinical syndrome. Kidney Int. 2012;82:516–24.

24. MacAulay J, Thompson K, Kiberd BA, Barnes DC, Peltekian KM. Serum
creatinine in patients with advanced liver disease is of limited value for
identification of moderate renal dysfunction: Are the equations for
estimating renal function better? Can. J. Gastroenterol. 2006;20:521–6.

25. Nadkarni GN, Patel AA, Konstantinidis I, Mahajan A, Agarwal SK, Kamat S,
Annapureddy N, Benjo A, Thakar CV. Dialysis Requiring Acute Kidney Injury
in Acute Cerebrovascular Accident Hospitalizations. Stroke. 2015;46:3226–31.

26. Siew ED, Davenport A. The growth of acute kidney injury: a rising tide or
just closer attention to detail? Kidney Int. 2015;87:46–61.

27. Thakar CV, Christianson A, Almenoff P, Freyberg R, Render ML. Degree of
Acute Kidney Injury before Dialysis Initiation and Hospital Mortality in
Critically Ill Patients. Int. J. Nephrol. 2013;827459:2013.
•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Data sources
	Study population and design
	Definition of variables
	Statistical analysis

	Results
	Temporal trends of AKI in cardiac and liver transplant hospitalizations
	Cardiac transplant hospitalizations

	Liver transplant hospitalizations

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

