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Abstract

Background: Acute kidney injury (AKI) and obesity are independent risk factors for chronic kidney disease (CKD).
This study aimed to determine if obesity modifies risk for CKD outcomes after AKI.

Methods: This prospective multisite cohort study followed adult survivors after hospitalization, with or without AKI.
The primary outcome was a combined CKD event of incident CKD, progression of CKD and kidney failure,
examined using time-to-event Cox proportional hazards models, adjusted for diabetes status, age, pre-existing CKD,
cardiovascular disease status and intensive care unit admission, and stratified by study center. Body mass index
(BMI) was added as an interaction term to examine effect modification by body size.

Results: The cohort included 769 participants with AKI and 769 matched controls. After median follow-up of 4.3
years, among AKI survivors, the rate of the combined CKD outcome was 84.7 per1000-person-years with BMI ≥30
kg/m2, 56.4 per 1000-person-years with BMI 25–29.9 kg/m2, and 72.6 per 1000-person-years with BMI 20–24.9 kg/m2.
AKI was associated with a higher risk of combined CKD outcomes; adjusted-HR 2.43 (95%CI 1.87–3.16), with no
evidence that this was modified by BMI (p for interaction = 0.3). After adjustment for competing risk of death, AKI
remained associated with a higher risk of the combined CKD outcome (subdistribution-HR 2.27, 95%CI 1.76–2.92)
and similarly, there was no detectable effect of BMI modifying this risk.

Conclusions: In this post-hospitalization cohort, we found no evidence for obesity modifying the association
between AKI and development or progression of CKD.
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Introduction
An increasing prevalence of diabetes, proteinuria,
chronic kidney disease (CKD) and obesity, together with
an aging population at higher risk for hospitalizations,
are likely contributors to the increasing incidence of

acute kidney injury (AKI) [1]. Both experimental animal
studies and human observational cohorts suggest an in-
creased risk of permanent kidney damage, manifested as
CKD, after an episode of AKI [2–8]. However, the retro-
spective nature, and its attendant methodological limita-
tions, of studies examining this question constrain our
understanding of the external validity and determinants
of this association. Obesity is a risk factor for the devel-
opment and progression of CKD [9, 10], independent of
the related risk factors hypertension and diabetes [11–

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: h.maclaughlin@qut.edu.au
1Queensland University of Technology, School of Exercise and Nutrition
Sciences, Victoria Park Road, Kelvin Grove, QLD, Australia
2Royal Brisbane and Women’s Hospital, Herston, QLD, Australia
Full list of author information is available at the end of the article

MacLaughlin et al. BMC Nephrology          (2021) 22:200 
https://doi.org/10.1186/s12882-021-02400-3

http://crossmark.crossref.org/dialog/?doi=10.1186/s12882-021-02400-3&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:h.maclaughlin@qut.edu.au


13]. Obesity is also associated with both a higher risk,
and greater severity of AKI [14–16], but may be protect-
ive for early post-AKI survival up to 90-days [17–19].
Mechanisms including renal hypoxia and inflamma-

tion may drive the transition from AKI to CKD [20,
21]. Obesity is also a chronic pro-inflammatory state,
[22, 23] and studies demonstrate reductions in markers
of inflammation with weight loss, both in CKD and
non-CKD populations [23–26]. Proximal tubule hyp-
oxia has been demonstrated in an obesity induced kid-
ney injury mouse model [24]. These pre-existing
adaptations associated with obesity, may potentially in-
fluence the repair/remodeling process in kidney tubules
and exacerbate the risk for declining kidney function
after AKI. To date, no studies have examined the effect
of obesity, or body mass index, on the development or
progression of CKD, end-stage kidney disease, or
cardiovascular events, in a cohort followed after
hospitalization, with, or without AKI.
The ASessement, Serial Evaluation and Subsequent

Sequelae in Acute Kidney Injury (ASSESS-AKI) study is a
multi-center prospective study that examined the risk of
CKD development and progression and other clinical out-
comes after an episode of hospitalized AKI. It is the only
such prospective study including protocolized measure-
ments of height and weight in a prospective cohort of
hospitalized patients matched for baseline CKD status, with
and without AKI. The purpose of this investigation is to
evaluate whether obesity modifies the relationship between
AKI and CKD outcomes in a matched cohort of partici-
pants hospitalized with and without AKI. We hypothesize
that those with high BMI are a higher risk sub-set for sub-
sequent CKD development or progression after an episode
of AKI. Furthermore, we hypothesize that obesity is a risk
factor for the development or progression of CKD in this
hospital-based cohort, with, or without AKI.

Methods
Study population: The ASSESS-AKI parallel matched co-
hort study includes hospitalized adult participants with
or without an AKI who survived and completed a base-
line study visit 3 m after hospital discharge. The full
study methods, including detailed inclusion and exclu-
sion criteria, and definitions of covariates, and the pri-
mary outcomes have been published previously [27].
The study was approved by the Institutional Review
Boards of Vanderbilt University, Yale University, Penn-
sylvania State University, and Kaiser Permanente and
was conducted in accordance with the Declaration of
Helsinki; written informed consent was obtained from
participants. Data were collected prospectively from par-
ticipants enrolled from four North American clinical
centers between December 2009 and February 2015 and
up until the end of follow up in November 2018. Acute

kidney injury was defined using the Kidney Disease Im-
proving Global Outcomes (KDIGO) criteria of an in-
crease in inpatient serum creatinine of at least 50% or ≥
0.3 mg/dL above the most recent, non-emergency de-
partment creatinine obtained between 7 and 365 days
previously [28]. Participants with AKI, were matched to
a participant without AKI for study center, pre-AKI
chronic kidney disease defined as estimated glomerular
filtration rate (eGFR) of < 60ml/min/1.73m2 calculated
from serum creatinine using the CKD-EPI equation [29],
age, pre-AKI diabetes status, previous cardiovascular dis-
ease (CVD), stage of pre-AKI kidney function, and ad-
mission to an intensive care unit (ICU) during the index
hospitalization.

Data collection
Time of entry into the study was the date of AKI diagno-
sis in the AKI group and the date of index hospital dis-
charge in the non-AKI group. Full eligibility was
confirmed, and height and weight were measured, at the
baseline study visit, 3 months post discharge from the
index hospitalization. Study visits were conducted annu-
ally from the index hospitalization until the end of fol-
low up, death, or censoring due to loss to follow up or
participant withdrawal. Data collected at annual visits in-
cluded measurement of kidney function using the CKD-
EPI equation with serum creatinine [29] to determine
new or progressing CKD, interim hospital admissions,
alterations to medication and updated medical history,
including major events.
Height was measured, in centimeters, using a wall

mounted stadiometer, or portable stadiometer with the
baseplate placed against a wall. Participants stood
against the stadiometer with the back, buttocks and
heels touching the stand or backplate, arms and shoul-
ders relaxed and the head in the Frankfurt plane so that
the orbitale and the tragus were aligned horizontally,
and the headplate was lowered to rest on the top of the
head. Participants were weighed in their own clothes,
with an empty bladder, and after removing items such as
belts and jewellery. Weight was determined using a cali-
brated electronic scale (model UC-321PL; A&D Medical,
CA). Weight was measured twice, with the first measure
recorded if the second measure was within 0.1 kg of the
first. If the difference between the two measures was
more than 0.1 kg, weighing was repeated until 2 mea-
sures were within 0.1 kg and the first of these was
recorded.

Body mass index (BMI)
BMI was calculated as weight in kilograms divided by
height in meters squared. BMI was examined continu-
ously, per kg/m2, and categorically, with obesity defined
as BMI ≥ 30 kg/m2, and overweight defined as 25–29.9
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kg/m2 according to the World Health Organisation
(WHO) classification. Normal weight was defined as
BMI 20–24.9 kg/m2 which is within the WHO normal
weight range [30] and this was considered the a priori
referent category. BMI < 20 kg/m2 was classified as
underweight.

Outcomes
Study coordinators screened for major events (hospitali-
zations, procedures, dialysis) from medical records and
participant self-report at study visits. Kidney disease out-
comes were calculated from serum creatinine-based esti-
mated GFR obtained at annual study visits. The primary
outcome was a combined CKD event comprised of inci-
dent CKD, CKD progression or the development of end
stage renal disease (ESRD). In those without CKD at en-
rollment, incident CKD was defined as experiencing
both a minimum 25% reduction in level of eGFR com-
pared with pre-enrollment baseline eGFR and achieving
CKD Stage 3 or worse during follow-up [31]. CKD pro-
gression, in those with pre-existing CKD at index
hospitalization, was defined as a greater than 50% reduc-
tion in level of eGFR compared with baseline, or

progressing to an eGFR less than 15 ml/min/1.73m2. De-
velopment of end stage renal disease (ESRD) was defined
as any of the following: (1) peritoneal dialysis or
hemodialysis treatment at least once a week for at least
12 consecutive weeks, (2) receipt of a kidney transplant
and/or (3) death while receiving dialysis.
Death was ascertained by review of medical records or

death certificates if available, or through cross checking
with the National Death Index by social security number
for participants lost to follow up. Major atherosclerotic
cardiovascular events (MACE) of myocardial infarction,
ischemic stroke and peripheral artery disease were self-
reported or recorded from electronic medical records at
follow up and adjudicated per protocol [27].
Statistical Analysis: Baseline co-variate distributions

were tabulated with respect to baseline BMI categories
and baseline AKI status. In the matched cohort, 61 par-
ticipants did not have measurements of height and
weight recorded at the baseline study visit (Fig. 1).
Forty-two of these participants had height and weight
measured at a subsequent study visit and this BMI was
used. For the remaining 19 participants who did not
have BMI recorded at any study visit, multiple

Fig. 1 Formation of matched parallel cohort of adults surviving a hospitalization with and without acute kidney injury, including body mass index
status at initial study visit
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imputation using chained equations was used. A total of
10 datasets were created, and imputation was informed
by age, race, gender, and AKI diagnosis [32, 33]. Ana-
lyses were conducted using STATA version 14 (College
Station, TX); p values were two-tailed and accepted type
1 error was 5% (α = 0.05).
Participants were considered at risk from the date of

study entry until the to the first occurrence of the event
of interest, death, or the end of available follow-up. Un-
adjusted incidence rates and 95% confidence intervals
(CI) of incident CKD, CKD progression, MACE and
ESRD, and death, per 1000 person years, were calculated
for each combination of BMI and AKI groups. Kaplan-
Meier curves were used to check for proportional
hazards assumptions for each variable. Plots of Kaplan-
Meier curves were additionally stratified by quantiles of
log relative hazard to demonstrate that proportional haz-
ards is a reasonable assumption. Time to event analyses
using Cox proportional hazards models were conducted
to estimate the relative hazard of events for the AKI
group compared to the non-AKI group. Nested models
were established to estimate adjusted associations based
on a priori selection using matching criteria and other
variables previously reported to be associated with kid-
ney disease incidence, progression or cardiovascular
events. Participants in the matched cohort remained un-
linked and the matching factors age, pre-admission CKD
status and CKD stage, diabetes, CVD, ICU admission,
and urine albumin-to-creatinine ratio (uACR) were
added in the first nested model (Model 1). The covariate
uACR was logarithmically transformed for inclusion in
the models. Further adjustments for race, gender, base-
line eGFR as a continuous variable, sepsis, chronic heart
failure (CHF) and smoking were included in the fully ad-
justed model (Model 2). For both models, baseline haz-
ards were stratified by study center. Statistical
interaction between AKI and BMI was modeled by in-
cluding a product term for AKI and baseline BMI cat-
egories in the proportional hazards models. Models
with, and without, the product term were compared
using the Wald test. BMI subgroup-specific hazard ratios
were obtained via linear combination of regression coef-
ficients for main effect and BMI*AKI cross-product
terms. Sensitivity analyses accounting for the competing
risk of death were conducted using the Fine-Gray sub-
distribution hazard models [34], adjusted in a stepwise
fashion, as in the primary analysis. Cumulative incidence
plots using the Aalen-Johansen estimator and Fine-Gray
models were created to compare the two methods, and
to show the fraction of subjects in CKD and death states
[35].
BMI was also modeled as a restricted cubic spline,

generated from baseline BMI as a continuous variable,
with knots at the 10th, 50th, and 90th percentiles. We

constructed partial effect plots of the difference in haz-
ard ratios between AKI and no AKI, which display the
predicted outcome as a function of a single covariate
while holding all other covariates constant for different
levels of BMI. The plots are based on a multivariable
Cox model that includes terms for AKI status, BMI as a
restricted cubic spline, study center, baseline CKD sta-
tus, ICU status, diabetes, age, cardiovascular disease,
race, gender, smoking, sepsis, chronic heart failure, and
the interaction between AKI status and BMI as a re-
stricted cubic spline.
Secondary outcomes included death, MACE, ESRD,

incident CKD, and CKD progression. Supplementary
analyses included examining the effect of baseline BMI
on the change in kidney function by calculating the log
transformed slope of eGFR from baseline at each study
visit, in participants with ≥2 eGFR values. Linear regres-
sion was used to evaluate the relationship between slope
of eGFR and AKI status, modified by BMI. The reference
group was normal BMI (20–24.9 kg/m2). Regression
models included terms AKI status, BMI, baseline CKD,
age, diabetes, CVD, race, gender, CHF, smoking, sepsis,
ICU, uACR, the interaction term between AKI status
and BMI, and were stratified by study center. Lastly, in
order to examine the association between baseline BMI
and CKD outcomes, multivariable time to event Cox
models were constructed separately for the AKI and no-
AKI groups with normal BMI as the reference group.

Results
Participant characteristics
There were 1603 participants in the ASSESS-AKI study
cohort, including 772 who had AKI during hospitalisa-
tion and 831 who did not (Fig. 1) [36]. The study cohort
included 1538 participants, matched 1-to-1 for AKI sta-
tus, study center, baseline CKD status, ICU admission
and co-morbidities. Three hundred-six matched pairs
had pre-existing CKD, and 463 pairs did not. Table 1
displays the cohort characteristics, by AKI and BMI
groups. The majority of participants were admitted to
ICU during their index hospital admission and were
former or are current smokers. Participants with AKI
were more likely than those without AKI to have pre-
existing CHF and sepsis during the index hospitalization.
The distribution across BMI categories was similar for

the AKI and no-AKI groups. 49% of the cohort had a
BMI of 30 kg/m2 or greater. At baseline, the mean (SD)
BMI was 31.6 (8.3) kg/m2 in the AKI group and 30.6
(7.0) kg/m2 in the non-AKI group (Table 1). Those with
a BMI > 30 kg/m2 were more likely to experience more
severe AKI, and had a higher incidence of diabetes, with
similar age, race and gender distribution as other BMI
categories. Pre-admission and study baseline eGFRs were
similar, and did not differ widely as BMI increased.
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Outcomes
The unadjusted incidence rates for the combined
CKD outcome, incident CKD, CKD progression,
ESRD, death, and MACE are presented in Table 2.
Unadjusted rates of the combined CKD outcome were
lowest in those with normal weight and no AKI (17.7
per 1000 person years) and highest in the group with
obesity and AKI (84.7 per 1000 person years). Mortal-
ity was higher in those with AKI compared to no
AKI, with the highest mortality in the underweight
AKI group (196.5 per 1000 person years), followed by
the normal weight AKI group (64.9 per 1000 person
years), AKI and overweight (60.8 per 1000 person
years) and AKI and obesity (56.9 per 1000 person
years). Unadjusted event rates for MACE were similar
with and without AKI and across BMI groups.

Combined CKD outcome
Median follow up time was 4.3 years (range 0.1–7.8
years) and there were 300 events, including 93 in the
non-AKI group and 207 in the AKI group. In multivari-
able time to event analyses, AKI was associated with a
higher risk for the combined CKD outcome, after adjust-
ment for age, kidney disease, diabetes, CVD and ICU ad-
mission, and also in the fully adjusted model (Model 2
aHR 2.43; 95% CI 1.87 to 3.16). Compared to the non-
AKI group, AKI was associated with an increased risk of
the combined CKD outcome, however, we found no de-
tectable modifying effect of obesity on the risk for the
combined CKD outcome (Model 2, p for interaction =
0.3) (Table 3). The results were similar when BMI was
included in the model as a continuous variable (Model 2
aHR 3.13 (95% CI 0.61 to 15.97, p for interaction = 0.7)

Table 1 Baseline characteristics of adults with and without acute kidney injury, stratified by body mass index at study entry. Data
presented as n (%) or mean (SD)

No Acute Kidney Injury (n = 769) Acute Kidney Injury (n = 769)

BMI < 20 BMI 20–24.9 BMI 25–29.9 BMI 30+ BMI < 20 BMI 20–24.9 BMI 25–29.9 BMI 30+

n (%) 21 (2%) 125 (17%) 269 (35%) 354 (46%) 16 (2%) 134 (17%) 223 (30%) 396 (51%)

Age 65.9 (13.5) 65.5 (13.9) 68.4 (12.2) 63.1 (11.9) 61.7 (15.1) 64.3 (16.0) 65.9 (12.7) 62.3 (11.2)

Women 14 (67%) 59 (47%) 84 (31%) 167 (47%) 7 (44%) 46 (34%) 49 (22%) 148 (37%)

Race

White 19 (90%) 102 (82%) 241 (90%) 291 (82%) 11 (69%) 108 (81%) 181 (81%) 307 (77%)

Black 2 (10%) 9 (7%) 17 (6%) 50 (14%) 4 (25%) 16 (12%) 27 (12%) 70 (18%)

Other 0 14 (11%) 11 (4%) 13 (4%) 1 (6%) 10 (7%) 15 (7%) 19 (5%)

BMI (kg/m2) 18.4 (1.1) 23.0 (1.4) 27.5 (1.4) 36.3 (6.0) 18.4 (1.1) 22.8 (1.4) 27.3 (1.5) 37.5 (7.3)

eGFR ml/min/1.73m2

Pre- admission

72 (23) 71 (24) 66 (22) 71 (26) 74 (29) 72 (29) 66 (25) 66 (25)

3-month baseline

77 (25) 73 (25) 70 (24) 74 (24) 74 (36) 70 (31) 64 (25) 65 (26)

Diabetes 3 (5%) 23 (18%) 84 (31%) 161 (45%) 4 (25%) 43 (32%) 87 (39%) 253 (64%)

CVD 7 (33%) 46 (37%) 127 (47%) 141 (40%) 5 (31%) 61 (46%) 103 (46%) 203 (51%)

CHF 2 (10%) 21 (17%) 46 (17%) 53 (15%) 6 (38%) 29 (22%) 55 (25%) 115 (29%)

Sepsis 0 4 (3%) 9 (3%) 13 (4%) 2 (13%) 27 (20%) 29 (13%) 60 (15%)

ICU 12 (57%) 80 (64%) 176 (65%) 205 (58%) 11 (69%) 104 (78%) 169 (76%) 261 (66%)

Smoker

never 7 (33%) 47 (38%) 123 (46%) 149 (42%) 4 (25%) 53 (40%) 86 (39%) 165 (41%)

former 9 (43%) 53 (42%) 117 (43%) 166 (47%) 7 (44%) 50 (37%) 105 (47%) 182 (46%)

current 5 (2%) 23 (18%) 27 (10%) 35 (10%) 5 (31%) 31 (23%) 29 (13%) 47 (12%)

unknown 0 2 (2%) 2 (1%) 4 (1%) 0 0 3 (1%) 2 (1%)

AKI stage 1 15 (94%) 100 (75%) 174 (78%) 264 (67%)

AKI stage 2 0 18 (13%) 25 (11%) 75 (19%)

AKI stage 3 1 (6%) 16 (12%) 24 (11%) 57 (14%)

AKI acute kidney injury, BMI body mass index, CHF chronic heart failure, CVD cardiovascular disease, eGFR estimated glomerular filtration rate, ICU treated in
intensive care unit
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Table 2 Incidence Rates per 1000 person years (95% confidence intervals) for outcomes during up to 8 years follow up in adults
with or without acute kidney injury (AKI), stratified by body mass index

BMI category

< 20 kg/m2 20–24.9 kg/m2 25–29.9 kg/m2 ≥ 30 kg/m2

Incident CKD (n = 201 events)

No AKI

Events/total n 2/15 7/75 28/164 29/209

Rate 31.5 (7.9 to 125.8) 20.0 (9.5 to 42.0) 35.7 (24.7 to 51.7) 29.7 (20.6 to 42.7)

AKI

Events 2/11 23/85 30/134 80/233

Rate 57.6 (14.4 to 230) 71.4 (47.5 to 108) 56.2 (39.3 to 80.3) 94.4 (75.8 to 118)

CKD Progression (n = 64 events)

No AKI

Events 1/6 1/50 7/105 11/145

Rate 44.9 (6.2 to 320) 4.6 (0.6 to 32.6) 14.8 (7.1 to 31.1) 18.4 (10.2 to 33.2)

AKI

Events 0/5 9/49 11/89 24/163

Rate 0 47.1 (24.5 to 90.5) 32.7 (18.1 to 59.1) 38.7 (25.9 to 57.7)

ESRD (n = 58 events)

No AKI

Events 2/21 2/125 2/269 6/354

Rate 24.0 (6.0 to 96.1) 3.5 (0.9 to 13.8) 1.5 (0.4 to 8.1) 3.6 (1.6 to 8.1)

AKI

Events 0/16 7/134 13/223 26/396

Rate 0 12.4 (5.9 to 26.1) 13.7 (8.0 to 23.6) 15.5 (10.5 to 22.7)

Combined CKD event (n = 300 events)

No AKI

Events 4/21 10/125 36/269 43/354

Rate 49.0 (18.4 to 130) 17.7 (9.5 to 33.0) 28.7 (20.7 to 39.7) 27.4 (20.3 to 36.9)

AKI

Events 2/16 36/134 48/223 121/396

Rate 39.0 (9.7 to 155.9) 72.6 (52.3 to 101) 56.4 (42.5 to 74.8) 84.7 (70.9 to 101)

Major Atherosclerotic Cardiovascular Events (MACE n = 129 events)

No AKI

Events 2/21 13/125 26/269 28/354

Rate 24.1 (6.0 to 96.4) 24.3 (14.1 to 41.9) 22.0 (15.0 to 32.3) 18.5 (12.8 to 26.8)

AKI

Events 2/21 8/134 25/223 25/396

Rate 37.8 (9.5 to 151.2) 15.2 (7.6 to 30.5) 28.1 (19.0 to 41.6) 15.4 (10.4 to 22.9)

Death (n = 320 events)

No AKI

Events 5/21 18/125 39/269 50/354

Rate 56.0 (23.3 to 135) 30.9 (19.5 to 49.0) 29.7 (21.7 to 40.6) 30.0 (22.8 to 39.6)

AKI

Events 11/16 38/134 60/223 99/396

Rate 196.5 (109 to 355) 64.9 (47.2 to 89.2) 60.8 (47.2 to 78.4) 56.9 (46.7 to 69.3)
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and when BMI was modelled as a cubic spline term
(Model 2 aHR 2.84 (95% CI 0.44 to 18.23), p for inter-
action = 0.6) (Fig. 2).
There were 320 deaths during follow up, including 112

in the non-AKI group and 208 in the AKI group, and
median time to death was 4.9 years (range 0.1 to 7.8
years). In the sensitivity analysis including the competing
risk of death, the subdistribution hazard risk of the

combined CKD outcome in the fully adjusted model
(Model 2) was SHR 2.27 (95% CI 1.76 to 2.92). The
comparative cumulative incidence plots of the combined
CKD outcomes using both Fine-Gray and Aalen-
Johansen methods, are displayed in Fig. S1. Cumulative
CKD and death events for the entire cohort (Fig. S2) and
by AKI status (Fig. S3) illustrate the increased likelihood
of CKD and death after AKI, compared to no AKI.

Table 3 Body mass index stratum specific time to event Hazard Ratios (HR) for the combined CKD event of CKD incidence,
progression or End Stage Renal Disease in AKI group compared to non-AKI group including with interaction for body mass index

Model 1 includes matching factors - age, CKD, diabetes, CVD, ICU,
and urine albumin-to-creatinine ratio.

Model 2 Model 1 + race, sex, baseline eGFR, CHF,
sepsis, and smoking

Events (n) 300/1535 298/1521

Overall HR (95% CI) p HR (95% CI) p

No AKI 1.0 (ref) – 1.0 (ref) –

AKI 2.73 (2.12, 3.51) < 0.001 2.43 (1.87, 3.16) < 0.001

BMI HR (95% CI) p HR (95% CI) p

≤ 20 kg/m2 0.80 (0.14, 4.38) 0.8 1.06 (0.19, 5.95) 0.9

20–24.9 kg/m2 3.90 (1.93, 7.89) < 0.001 4.04 (1.99, 8.22) < 0.001

25–29.9 kg/m2 2.12 (1.37, 3.28) 0.001 1.96 (1.26, 3.05) 0.003

≥ 30 kg/m2 3.06 (2.15, 4.37) < 0.001 2.51 (1.74, 3.61) < 0.001

p for interaction 0.2 0.3

AKI acute kidney injury, BMI body mass index, CHF chronic heart failure, CI confidence interval, CKD chronic kidney disease, CVD cardiovascular disease, eGFR
estimated glomerular filtration rate, ICU admission to intensive care unit
Note: urine albumin-to-creatinine ratio is log transformed; both models stratify by study center

Fig. 2 Partial effects plots of the difference in hazard ratio between AKI and no AKI across levels of BMI with a CKD incidence b CKD progression
and ESRD c death and d combined CKD outcome. The plot is based on the multivariable Cox model that includes terms for AKI status,
continuous BMI as a restricted cubic spline, study center, baseline CKD status, ICU status, diabetes, age, cardiovascular disease, race, gender,
smoking, sepsis, chronic heart failure and the interaction between AKI status and BMI as a restricted cubic spline. Covariate values for the
reference patient include age (65 years), race (white), gender (male), diabetes (no), hypertension (yes), smoker (former), CHF (no), CVD (no), ICU
(no), and sepsis (no)
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There was no detectable modifying effect of obesity
on the association between AKI and the combined
CKD outcome, after the adjustment for the competing
risk of death, as the stratum specific risks with over-
weight and obesity sit within the 95% CI for the nor-
mal weight group (Table S1).

Secondary outcomes
Incident CKD and CKD progression
The secondary analysis for the development of incident
CKD was limited to the participants without CKD at
baseline in the matched cohort (n = 924). There was an
increased likelihood for developing incident CKD after
AKI in the fully adjusted model (Model 2 aHR 2.63, 95%
CI 1.91 to 3.61, p < 0.001), and the modifying effect of
BMI was not detected (Model 2, p for interaction =
0.38). For CKD progression, the analysis was limited to
those with CKD at baseline. In adjusted models, the risk
for CKD progression after AKI was marginally increased
(Model 2 aHR 1.62 (95% CI 0.90 to 2.92), and again, we
were unable to detect a modifying effect by BMI (Model
2, p for interaction = 0.14).

End stage renal failure, cardiovascular events and death
In fully adjusted models, AKI was associated with an in-
creased risk for death (Model 2 aHR 1.84, 95% CI 1.44
to 2.36), and ESRD (Model 2 aHR 2.29, 95% CI 1.12 to
4.66), but not MACE (Model 2 aHR 0.57, 95% CI 0.23 to
1.42). There was no detectable modifying effect of obes-
ity on the relationship between AKI and risk of death (p
for interaction = 0.5) or ESRD (p for interaction = 0.08)
in the fully adjusted models. BMI stratum specific HRs
for CKD incidence, CKD progression, ESRD and death
are listed in Table S2.

Rate of change in eGFR
There was no association between AKI and the rate of
change in eGFR for the combined CKD event in models
including an interaction term for BMI, either as a cat-
egorical variable or as a continuous variable (Model 2
β = − 0.03, 95% CI − 0.12 to 0.06; p for interaction =
0.91) (Table S3).

BMI and risk for CKD in study cohort
The association between BMI and subsequent risk of the
combined CKD outcome was also examined in this co-
hort of hospitalized patients, with or without an AKI
event. In models adjusted for age, race and gender, there
was no evidence for an increased risk for the combined
CKD outcome, with higher BMI, in the non-AKI or AKI
groups (Table S4). However, there was a trend towards
an increased risk for the combined CKD event in the
low BMI non-AKI group (aHR 2.7, 95% CI 0.9 to 8.8).

Discussion
In this prospective matched cohort study, the fully ad-
justed risk of developing the combined CKD outcome
was almost 2.5 times higher in those who experienced
AKI, compared to those who did not. This was largely
driven by increased CKD incidence after AKI. The risk
for CKD outcomes was higher in the present study than
in generally healthy, post AKI, community-based co-
horts, indicating that the higher overall risk potentially
blunted the hypothesized modifying effect of BMI. The
majority of participants in our study were admitted to
the ICU during hospitalization, indicating a high severity
of illness and likely acute inflammation, which may have
a greater impact on longer term outcomes than the
more modest effect of high BMI. Risk for MACE was
not different with or without AKI in this cohort, indicat-
ing that an acute insult to the kidneys did not impact
upon the risk for cardiovascular events after
hospitalization in this population.
We were unable to detect a modifying effect of BMI

on the association of AKI and the combined outcome of
incident CKD, CKD progression or ESRD in this cohort,
even after adjustment for the competing risk of death. In
separate models examining incident CKD, CKD progres-
sion and mortality, there was also no detectable modify-
ing effect of BMI on the primary study finding that AKI
is independently associated with a higher risk of the de-
velopment of CKD, CKD progression, and mortality with
up to 8 y of follow-up. Several studies have examined
the effect of BMI on mortality after AKI over the short
term, although these were retrospective [18, 19, 37] or
prospective with no comparator group [17, 38]. Some
studies show that up to 6 months post AKI, higher BMI
is protective against mortality, compared to lower BMI
[17–19, 38]. Our findings concur with the largest study
prospective study, which found that high body mass
index (BMI) did not modify the risk of mortality 1-year
post discharge in a cohort of patients with AKI admitted
to critical care, compared to those without AKI [37].
This study explicitly examined how body mass index

may modify the risk of further kidney damage after an
episode of AKI. In a small feasibility study, obesity was
not associated with the relative risk of CKD develop-
ment or progression 12months after AKI [39]. The
present study extends the follow up time beyond 12
months, and adds to the literature on the role of BMI on
CKD outcomes after AKI. In this study we were unable
to detect an effect to suggest that mechanisms of pro-
gressive kidney damage after AKI are adversely modified
by larger body size in this AKI survival cohort. Given
the wide confidence intervals for the associations exam-
ined, we cannot discount that our study may be under-
powered to detect an interaction with BMI in this
cohort. BMI distribution was heavily skewed towards
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obesity, with over 50% of the cohort in the BMI 30+ cat-
egory, indicating a possible survival advantage after AKI
with higher BMI. Potentially, higher BMI may lower the
risk for CKD outcomes, as the stratum specific hazard
ratios display a consistent trend for lower risk with
higher BMI. Whilst we were unable to detect evidence
for a possible deleterious or protective effect, a suffi-
ciently powered study may support findings contrary to
the original hypothesis. Other, unaccounted for vari-
ables, such as statin use, and antihypertensive medica-
tions, may be more likely to be prescribed in higher BMI
patients, and may contribute to a potential protective ef-
fect of higher BMI on CKD outcomes after AKI, due to
a higher level of medical management.
Recent evidence which added genetic information to

risk models, demonstrates that the independent risk of
obesity on CKD outcomes is likely causal, however the
associated risk is lower than observational studies using
conventional methods suggested [40]. Furthermore,
much of the BMI associated risk for CKD in the genetic
models is attributable to diabetes and hypertension [40].
In longitudinal cohort models such as ours, which in-
cluded diabetes and hypertension as potential con-
founders, plus the added insult of AKI, it is possible that
the small impact attributable to BMI is made negligible
by the AKI, and possibly also by the episode of illness
leading to hospitalization, as we also did not find evi-
dence of BMI as a risk factor for CKD in this population,
with or without AKI. In this same cohort, proteinuria
has been identified to increase the risk of kidney disease
progression [41]. Weight loss interventions in those with
obesity and CKD have been demonstrated to reduce
proteinuria [42], so there may still be a role for studying
obesity interventions after AKI in those with proteinuria,
to establish if reducing proteinuria alters CKD risk.
The strengths of this study include the inclusion cri-

teria of pre-admission kidney function, the prospective
matched cohort design, which matches on potential con-
founders, and the systematic follow up which included
standardised measurement of height and weight at the
baseline study visit, and measurement of kidney function
at regular intervals. The statistical model was designed
a-priori with established clinical factors included as po-
tential confounders. However, there remain factors that
may have limited the analyses, such as the very small
underweight group with a larger number of events, the
wide range of BMI which may have increased the vari-
ance in the sample and reduced the power, and the use
of BMI as a proxy for obesity. No other measure of body
composition or obesity, such as waist circumference,
waist to hip ratio or fat mass derived from body com-
position analysis was available.
BMI was a calculated from a single measure of weight

and height at the baseline study visit 3 months post AKI.

Weight loss during acute illness is common, and BMI at
the first study visit may not have reflected usual BMI.
The difference between usual BMI and the BMI at base-
line is unknown and is a limitation in the study, as acute
illness associated weight loss may have resulted in
categorization to a lower BMI category than usual BMI
would have. Whilst the matched cohort design is a
strength in a longitudinal cohort study, the matching
process may not always proceed as planned. Our cohort
was primarily matched for study center and baseline
CKD status (eGFR > or < 60 ml/min/ 1.73m2), and al-
though participants with AKI were attempted to be
matched with non-AKI participants for age, cardiovascu-
lar disease, diabetes, category of baseline eGFR, and ICU
admission, matching on these factors was not always
possible, and our AKI group had a higher prevalence of
diabetes, ICU admission, CKD and also more men and
more participants with Black race, than the no AKI
group. Further adjustment was included in the models
to account for the independent effects of these factors
on CKD outcomes.
In summary, we found no detectable modifying effect

of higher BMI on the relationship between AKI and fu-
ture risk of CKD outcomes, and we did not find evi-
dence to suggest an association between obesity and the
development or progression of CKD in this cohort
followed from an index hospitalization after acute illness.
Future studies addressing established risk factors such as
proteinuria, with and without weight loss as a treatment
component, may be useful in determining the role of
obesity among AKI survivors.
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