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Abstract

Background Fluid accumulation may delay recognition
of acute kidney injury (AKI) in intensive care unit (ICU)
patients. This study aims to evaluate the impact of fluid
balance on the incidence, time of AKI diagnosis and pre-
dictive performance for outcomes of critically ill patients.
Methods This study included a cohort of 7696 adult ICU
patients at Mayo Clinic Hospital in year 2011 with at least
one serum creatinine (SCr) measured in ICU. AKI was
defined based on SCr criterion for stage I of KDIGO
definition. The AKI incidence and predictive performance
for 60-day mortality was compared before and after SCr
adjustment for fluid balance.

Results AKI was detected in 1860 (24.2 %) before and
1947 (25.3 %) after fluid balance adjustment (P < 0.001).
Patients with AKI both before and after SCr adjustment
had significantly higher 60-day mortality in comparison
with patients who did not develop AKI (OR 3.38; 95 % CI
2.84-4.02). The risk of 60-day mortality in patients who
met AKI criteria after but not before SCr adjustment was
significantly higher than patients without AKI (OR 2.00;
95 % CI 1.25-3.11). In contrast, the risk of 60-day
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mortality in patients who met AKI criteria before but not
after SCr adjustment was similar to patients without AKI
(OR 1.19; 95 % CI 0.48-2.50). The C-statistic for unad-
justed and adjusted SCr to predict 60-day mortality were
0.68 and 0.70, respectively (P = 0.001).

Conclusion Our study found that SCr adjustment for fluid
balance could result in a more accurate detection of AKI
cases. We suggest using fluid balance adjustment for vol-
ume overload critically ill patients.
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Introduction

Acute kidney injury (AKI) is a frequent clinical syndrome
encountered in hospitalized and particularly in critically ill
patients. Using the Kidney Disease, Improving Global
Outcomes (KDIGO) definition for AKI [1], 1 in 5 adults
worldwide experience AKI during hospitalization. In ad-
dition, the incidence of AKI occurring in patients admitted
to intensive care units (ICUs) ranges from 30 to 60 % [2].
Studies have demonstrated that AKI is independently as-
sociated with both short and long-term mortality [3-6].
AKIl-related mortality was reported to be as high as 23 %
[7].

The KDIGO definition of AKI is based on absolute or
relative changes in serum creatinine (SCr) and weight-ad-
justed hourly urine output, respectively. This definition has
been validated to standardize the diagnosis and staging the
severity of AKI [8, 9].

Serum creatinine as a surrogate marker of kidney
function holds some limitations when it is used for the AKI
diagnosis. Recent studies have demonstrated the dilutional
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effects of fluid accumulation on SCr [10, 11]. Since volume
overload is very common, especially in perioperative and
ICU settings [12], diluting and masking SCr increments
can lead to a delay in AKI diagnosis in critically ill patients
[13, 14]. Moreover, SCr dilution during fluid resuscitation
may result in underestimation of the AKI severity [14]. The
effect of SCr adjustment for fluid balance in early diagnosis
and staging of AKI and its impact on the AKI definition
predictive ability for mortality outcome in a large cohort of
critically ill patients are not very well known.

This study aims (1) to evaluate and compare the inci-
dence of AKI diagnosis and staging according to SCr cri-
terion of KDIGO definition, before and after SCr
adjustment for fluid balance and (2) to investigate the
predictive performance of AKI definition for 60-day mor-
tality in critically ill patients before and after fluid balance
SCr adjustment.

Materials and methods
Study population

This was a single-center retrospective study conducted at a
tertiary referral hospital. We studied all adult patients (age
>18 years) admitted to the intensive care units (ICUs) at
Mayo Clinic Hospital, Rochester, MN from January 1 to
December 31, 2011. We included patients who had at least
one SCr measured in the ICU. Patients with a history of
stage 5 chronic kidney disease or end-stage renal disease
(ESRD), patients who received any dialysis modalities
within 14 days prior to the ICU admission and patients who
did not provide research authorization were excluded from
the study. Stage 5 chronic kidney and ESRD disease were
identified based on ICD-9 code assignment, or based on
estimated glomerular filtration rate (¢GFR) of <15 ml/min/
1.73 m?. The local Institutional Review Board approved
this study.

Data collection

Clinical characteristics, demographic information, and
laboratory data were collected using manual and automated
retrieval from institutional electronic medical records. The
baseline SCr was defined as the minimum SCr measured
within 6 months before the index admission. If outpatient
SCr was not available, the first SCr measured at hospital
admission was used. The eGFR was derived by using the
Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation [15]. Chronic kidney disease (CKD)
was defined as a calculated eGFR <60 ml/min/1.73 m>.
The severity of illness at ICU admission was evaluated
using the Acute Physiology and Chronic Health Evaluation
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(APACHE) III score [16], and Sequential Organ Failure
Assessment (SOFA) score [17]. Admission weight was
measured within 24 h of ICU admission, using digital
weight scale. The cumulative fluid balance was defined as
the difference in total fluid intake and output starting from
ICU admission. The fluid balance at the time of each SCr
measurement was calculated and used for SCr adjustment.

Assessment of AKI using serum creatinine
before and after adjustment of fluid balance

We identified and staged AKI solely based on the SCr
criterion of the KDIGO definition [1]. AKI was defined as
an increase in SCr in the ICU of >0.3 mg/dL or relative
change of >50 % from the baseline. The AKI diagnosis
time was defined as the time of the first SCr to meet SCr
criterion. We repeated diagnosis and staging of AKI before
and after adjusting each SCr for fluid balance. The fol-
lowing formula was used to adjust SCr for fluid balance
[13, 14].

Adjusted SCr = SCr X correction factor

when correction factor = 1 + [cumulative fluid balance
(L)/(admission body weight (kg) x 0.6)].

Clinical outcomes

The primary outcome was all-cause mortality at 60 days
following the index ICU admission. We reviewed all pa-
tients’ vital status by reviewing registration and electronic
medical records. In patients whose vital status at 60 days
after ICU admission was unknown, the Social Security
Death Index was used [18].

Statistical analysis

All continuous variables were reported as medians with
interquartile ranges (IQR). All categorical variables were
reported as counts with percentages. In the event of missing
information, data was not imputed. For patients with
multiple ICU admissions, only the first ICU admission
during the study period was included in the analysis. The
difference in the AKI diagnosis based on SCr before and
after adjustment for fluid balance was assessed using a
McNemar’s test. The difference in the time-to-AKI diag-
nosis based on adjustment of SCr was assessed using a
paired ¢ test. The agreement of AKI diagnosis and staging
before and after SCr adjustment was assessed using Co-
hen’s weighted kappa coefficient with linear weight be-
tween AKI stages. According to the result of AKI diagnosis
before and after SCr adjustment, we classified patients into
4 groups: (1) patients who had AKI both before and after
SCr adjustment, (2) patients who had AKI after but not
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before SCr adjustment, (3) patients who had AKI before
but not after fluid adjustment and (4) patients who did not
have AKI both before and after fluid adjustment. We ad-
justed odd ratios (ORs) for pre-specified confounders, in-
cluding age, ICU type, APACHE III scoreand fluid balance
in ICU to assess 60-day mortality among the first three
groups using the last group as a reference group. The as-
sociation between AKI stages and 60-day mortality was
assessed using a logistic regression analysis. The predictive
performance of the SCr criterion, based on SCr adjustment,
for 60-day mortality was assessed by C-statistics; after
which we compared their performances using Delong’s
test. We performed the subgroup analysis based on ICU
type and tertile of total fluid balance in ICU. A two-sided
P value of <0.05 was considered statistically significant.
All analyses were performed using JMP statistical software
(version 9.0, SAS, Cary, NC).

Results

During the study period, 9277 critically ill patients were ad-
mitted to the ICU. Of these, 1581 were excluded: 532 had
ESRD, or received dialysis within 14 days prior to ICU ad-
mission, 498 had no research authorization, 194 aged
<18 years, and 357 had no measured SCr values in the ICU. A
total of 7696 patients were analyzed. The clinical characteris-
tics of these patients at the ICU admissions and their outcomes
are summarized in Table 1. The median age was 65 years (IQR
55-77); 58 % were men and 27 % had CKD. The median fluid
balance in ICU was 1515 ml (IQR —96 to 3770).

AKI diagnosis and staging
before and after adjustment for fluid balance

Using unadjusted SCr, AKI occurred in 1860 (24.2 %) of
the patients, with 16.6, 4.2, and 3.4 % in maximum AKI
stage 1-3, respectively. Using adjusted SCr for fluid bal-
ance, AKI occurred in 1947 (25.3 %) patients with 16.7,
4.6, and 4.0 % in maximum AKI stage 1-3, respectively.
Accordingly, using adjusted SCr for fluid balance, more
AKI cases were identified in comparison with unadjusted
SCr (P < 0.001) (Table 2).

The percentage agreement for AKI diagnosis, using the
SCr before and after adjustment for fluid balance methods,
was 96.6 % with a kappa of 0.91 (95 % CI 0.90-0.92).
Results show that unadjusted and adjusted SCr for fluid
balance both agreed in 1773 AKI cases and 5662 non-AKI
cases. Using unadjusted SCr and adjusted SCr resulted in a
discrepancy in AKI diagnosis in 261 cases (3.4 %). Of
these 261 patients, 87 cases met the AKI diagnosis by using
unadjusted SCr, but not adjusted SCr and 174 met AKI
diagnosis by using adjusted SCr, but not unadjusted SCr.

Table 1 Clinical characteristics and outcomes of critically ill pa-
tients admitted in the intensive care unit (ICU) during the study period

Characteristics Total (n = 7696)
Age, year, median (IQR) 65 (53-77)
Male sex, n (%) 4484 (58)
White, n (%) 7214 (94)
Body weight, kg, median (IQR) 82.9 (69.4-97.3)
Baseline creatinine, mg/dL, median (IQR) 0.9 (0.7-1.2)
Comorbidities, n (%)
Diabetes mellitus 1816 (24)
Hypertension 4449 (58)
Coronary artery disease 2059 (27)
Congestive heart failure 882 (11)
Chronic obstructive pulmonary disease 1084 (14)
Cirrhosis 347 (5)
Chronic kidney disease® 2050 (27)
Nephrotoxic medication, n (%)
NSAIDs 867 (11)
Gentamicin 46 (0.6)
Ampbhotericin 44 (0.6)
Calcineurin inhibitors 113 (2)
ICU type, n (%)
Medical ICU 3722 (48)
Surgical ICU 3974 (52)
APACHE I score, median (IQR) 46 (33-60)
SOFA score, median (IQR) 4 (2-7)
Septic shock, n (%) 1970 (26)
Fluid balance in ICU, L, mean 4+ SD 234+ 54
ICU length of stay, day, median (IQR) 1.2 (0.9-2.5)
ICU mortality, n (%) 230 (3)
60-day mortality, n (%) 737 (10)

APACHE acute physiology and chronic health evaluation, SOFA se-
quential organ failure assessment, /QR interquartile range, /CU in-
tensive care unit

? Chronic kidney disease was defined by K/DOQI CKD stage III or
worse (estimated glomerular filtration rate <60 ml/min/1.73 m? ac-
cording to CKD-EPI formula)

The percentage agreement for AKI staging, using unad-
justed and adjusted SCr for fluid balance, was 94.9 % with
a kappa of 0.91 (95 % CI, 0.90-0.92).

Time-to-AKI diagnosis before and after adjustment
for fluid balance

We found 1773 patients developed AKI regardless of SCr
adjustment for fluid balance. Adjustment did not change
the time of AKI diagnosis in 1591 (90 %), expedited it in
132 (7 %), and delayed it in 50 (3 %) patients. Using ad-
justed SCr detect AKI significantly earlier than using
unadjusted SCr with the mean difference in time-to-diag-
nosis of 1.5 h (95 % CI 0.6-2.4).
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Table 2 Acute kidney injury

(AKI) diagnoses and staging AKI stage

AKI stage (fluid adjustment)

Total, N (%)

(no fluid adjustment)

using serum creatinine (SCr) 1 2 3
with or without fluid balance
adjustment 0 5662 (73.6) 171 (2.2) 1 (0.01) 2 (0.03) 5836 (75.8)
1 87 (1.1) 1105 (14.4) 76 (1.0) 9 (0.1) 1277 (16.6)
2 0 (0) 9 (0.1) 274 (3.6) 37 (0.5) 320 (4.2)
3 0 (0) 2 (0.03) 2 (0.03) 259 (3.4) 263 (3.4)
Total, N (%) 5749 (74.7) 1287 (16.7) 353 (4.6) 307 (4.0) 7696
Kappa = 0.91 (95 % CI 0.90-0.92) and percentage agreement = 96.6 % for AKI diagnosis
Kappa = 0.91 (95 % CI 0.90-0.92) and percentage agreement = 94.9 % for AKI staging
AKI acute kidney injury, CI confidence interval
100 Table 3 60-day mortality risk
90 N No AKl-adjusted SCr AKI-adjusted SCr
60-day mortality, n (%)
. 80 ®OR (95 % CI)
X
e_’ .
- 70 No AKI-unadjusted SCr 5662 174
= 60 54 % 16.1 %
% o 1 (reference) 2.00 (1.25-3.11)
5
€ AKI-unadjusted SCr 87 1773
5 40 8.1 % 25%
o 30 1.19 (0.48-2.50) 3.38 (2.84-4.02)
©
2 4 Adjusted for age, ICU type, APACHE score and fluid balance in
ICU
0 Jo stage 1 stage 2 stage 3 C-statistic for unadjusted and adjusted SCr to predict
= No fluid correction 5.7 16.4 30.3 37.6 60-day mortality were 0.68 and 0.70, respectively
Fluid correction 5.4 15.9 28.3 40.1 (P = 0.001).

Fig. 1 60-day mortality rate according to acute kidney injury (AKI)
stages (SCr definition)

Risk for 60-day mortality

Of the total cohort, 10 % (n = 737) died within 60 days
after ICU admission. The 60-day mortality rates after ICU
admission for AKI stages by using SCr before and after
adjustment for fluid balance are shown in Fig. 1. Compared
to the reference group (patients without AKI both before
and after SCr adjustment), the risk of 60-day mortality in
patients with AKI both before and after SCr adjustment
was significantly higher (OR 3.38; 95 % CI 2.84-4.02).
Similarly, the risk of 60-day mortality in patients who met
AKI criteria after but not before SCr adjustment was sig-
nificantly increased in comparison with patients without
AKI (OR 2.00; 95 % CI 1.25-3.11). In contrast, the risk of
60-day mortality in patients who met AKI criteria before
but not after SCr adjustment was similar to patients without
AKI (OR 1.19; 95 % CI 0.48-2.50) (Table 3; Fig. 2). The
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Subgroup analysis

The clinical characteristics and outcomes of patients ad-
mitted in medical and surgical I[CUare summarized in Sup-
plemental Table 1. The subgroup analysis in medical and
surgical ICU suggested SCr adjustment might impact the
AKI diagnosis more in surgical ICU than medical ICU
(Supplemental Table 2). There was no significant difference
in AKI diagnosis before and after SCr adjustment in medical
ICU (29.0 vs. 29.3 %, respectively; P = 0.49). There was
significant difference in AKI diagnosis before and after ad-
justment in surgical ICU (19.6 vs. 21.6 %, respectively;
P < 0.001). This may be due to higher total fluid balance in
surgical ICU in comparison with medical ICU (2.8 vs. 1.8 L;
P < 0.001). However, the use of adjusted SCr in AKI diag-
nosis improved the predictive performance of AKI for
60-day mortality in both medical and surgical ICU.

The subgroup analysis of fluid overload tertiles
demonstrated the impact of SCr adjustment in AKI
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Fig. 2 Odds ratio of 60-day
mortality in patients with or
without acute kidney injury
before and after SCr adjustment No AKI before and after adjustment [ ]
for fluid balance
1.19
AKI before but No AKI after adjustment &
2.00
No AKI before but AKI after adjustment %
3.38
AKI before and after adjustment e
L L l 1 l L l L l
0 1 2 3 4 5

diagnosis in groups of patients with extreme negative or
positive fluid balance (tertile 1 and 3) is more prominent
(Supplemental Table 3).

Discussion

We report a large historical cohort study to investigate the
effect of SCr values, before and after adjustment for fluid
balance, on epidemiology and prognostication performance
of AKI definition based on KDIGO SCr criterion. This
study demonstrated that using SCr adjustment could result
in early detection of more AKI cases. In addition, SCr
adjustment increased the accuracy of AKl-related 60-day
mortality prediction. Under-recognized AKI due to fluid
overload allows underestimation of high mortality in these
patients. The SCr adjustment should be done in critically ill
patients, especially in those with fluid overload particularly
following massive volume resuscitation.

In an ICU setting, even a modest degree of renal injury is
associated with increased in-hospital mortality [19-21].
Despite all efforts to identify the potential treatment options
for AKI, prevention in at risk patients and early diagnosis of
AKIT still remain the main intervention to minimize further
insult [22]. The limitations of SCr for AKI diagnosis are
well known, since it is influenced by several variables in-
cluding age, gender, muscle mass (amputation, malnutrition,
muscle wasting), diet and certain medications that inhibit
tubular creatinine secretion [22, 23]. Fluid resuscitation in
perioperative and ICU settings is commonly utilized and it

Odds ratio for 60-day mortality

can certainly result in expanded volume of distribution of
SCr and therefore its dilution.

Recently, Englberger et al. demonstrated the dilution of
SCr was common within 48 h in patients after cardiac
surgery with cardiopulmonary bypass [24]. In this cohort,
subsequent increase in SCr were not found to be from the
baseline SCr, but rather it was due to rebound increase
from diluted SCr following resolution of fluid overload. Ho
et al. recently conducted a study in 350 elective cardiac
surgery patients and found SCr level increase of >10 %
(<6 h postoperative) was associated with higher AKI risk
[25]. Masked increase in SCr by fluid resuscitation could
alleviate SCr ability to predict AKI development.

There is growing body of literature that indicates fluid
accumulation can lead to the incorrect diagnosis of AKI.
Macedo et al. [14], conducted a prospective cohort study in
253 critically ill patients to evaluate the effect of fluid
balance on SCr and staging of AKI severity. They found
25 % of patients had delayed AKI diagnosis due to volume
overload. In 9.5 % of patients, delayed diagnosis was
>48 h. In their study, there was no difference in mortality
following SCr adjustment (40 vs. 35 %, P = 0.45). Our
current study conducted in the larger cohort of 7696 pa-
tients in ICUs (both medical and surgical). We confirmed
that SCr adjustment could detect more AKI cases and
earlier. However, the mean difference in time-to diagnosis
of AKI after SCr adjustment in our study was only 1.5 h
(95 % CI 0.6-2.4). The median cumulative positive fluid
balance during ICU admission in our study was lower
[1.5 L (IQR, 0-3.8)] than the median cumulative fluid
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balance of 6.5 L (IQR, 1.1-11.3) in the study by Macedo
et al. [14]. This potentially explains the less delayed AKI
diagnosis time.

Our study also successfully demonstrated a higher pre-
dictive performance of the AKI definition for 60-day
mortality following SCr adjustment. The PICARD study
demonstrated that in patients with AKI, fluid overload itself
was independently associated with mortality [26]. Ac-
cordingly, we adjusted for fluid balance when we assessed
the impact of SCr adjustment for fluid balance in AKI
diagnosis on 60-day mortality prediction. The post hoc
analysis of patients with acute lung injury enrolled in
FACTT study [13] similarly showed that the mortality was
similar among patients who met AKI diagnosis before or
after adjustment and patients who met AKI diagnosis only
after adjustment for fluid balance. Mortality was sig-
nificantly lower in patients who met AKI diagnosis before,
but not after SCr adjustment. Our study not only included
patients with acute lung injury, we found the same rela-
tionship in all critically ill patient population.

There are several limitations to our study. First, this
report is a retrospective study and inherently subjective to
biases related to its design. By enrolling a very large co-
hort, we have attempted to mitigate these potential biases.
The benefit and feasibility of adjusting SCr for fluid bal-
ance in the diagnosis of AKI need to be further studied in
non-ICU setting as fluid overload is less common in non-
ICU patients and data regarding daily weight and fluid
intake and output are easily available nor well documented
in hospital floor. Second, we did not include urine output
criterion for AKI diagnosis, since an indwelling urinary
catheter was not used to obtain accurate hourly urine output
data for large percentage of patients in our cohort. Third,
we disregarded fluid balance prior to ICU admission due to
limited data and potentially imprecise record of fluid bal-
ance outside the ICUs. As our ED boarding time is very
short, we believe the positive fluid balance prior to ICU
admission may not be a significant factor. Fourth, our study
focused on SCr dilution effect of on AKI diagnosis and
staging. We did not take etiology of AKI and types of fluid
into account (blood, colloid or crystalloid). Septic AKI had
different pathophysiology, clinical characteristics and out-
comes from non-septic AKI [27, 28]. In addition to renal
ischemia, inflammation and apoptosis have implicated in
pathogenesis of septic AKI. Septic AKI can occur in he-
modynamically stable patients. Differences in the volume
of distribution among each fluid type could potentially
affect the changes in SCr in the intravascular space. In
addition, chloride-rich intravenous fluid administration
may have potentially contributed to some degrees of AKI
[29]. Accordingly, the inclusion of AKI etiology as well as
fluid type in SCr adjustment might improve accuracy of
AKI diagnosis. However, adjustment for fluid balance
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regardless of AKI etiology and fluid type in our study is
simple and likely practical in the practice. Lastly, we did
not measure injury biomarkers of AKI. It would be of in-
terest to confirm these results in a further study of critically
ill patients using established early urine biomarkers of
tubular injury not modulated by fluid balance including
neutrophil gelatinase-associated lipocalin (NGAL) [30],
renal liver-type fatty acid-binding protein (L-FABP) [31],
kidney injury molecule-1 (KIM-1) [32], cell cycle arrest
biomarkers [33] for the AKI diagnosis. This would po-
tentially provide more insight into our conclusions.

Notwithstanding these limitations, our study carries some
strength as well. It is the largest cohort of patients in medical
and surgical ICUs with different critical illnesses. Moreover,
we adjusted every SCr value with accumulative fluid bal-
ance during ICU admission. Therefore, the findings from our
study can be generalized to patients in both medical and
surgical ICUs with available recorded fluid balance.

In summary, fluid management in the ICU influences
SCr and the diagnosis of AKI using SCr-based definition.
Using SCr adjustment not only increases its sensitivity and
allows earlier diagnosis of AKI, it also provides higher
predictive performance of the AKI definition for 60-day
mortality when compared with unadjusted SCr method.
Based on our data, we strongly suggest using fluid balance
adjustment for critically ill patients with volume overload.
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