International Journal of General Medicine

Dove

ORIGINAL RESEARCH

Prognostic Implications of a Cumulative Renal
Score Based on Both Serum Creatinine and Urine
Output Ciriteria for Staging of Acute Kidney
Injury: A Cohort Study

Yun Ji

Libin Li

Department of Surgical Intensive Care
Unit, The Second Affiliated Hospital,
School of Medicine, Zhejiang University,

Hangzhou, Zhejiang, 310009, People’s
Republic of China

Correspondence: Yun Ji

Department of Surgical Intensive Care
Unit, The Second Affiliated Hospital,
School of Medicine, Zhejiang University,
Hangzhou, Zhejiang, 310009, People’s
Republic of China

Tel +8615805817268

Email yunji@zju.edu.cn

Purpose: Traditionally, the Kidney Disease: Improving Global Outcomes (KDIGO) stages
acute kidney injury (AKI) into three stages based on the highest severity of increase in serum
creatinine (SC) or urine output (UO) criteria. Clinically, however, the two criteria do not
provide equivalent information. Thus, we aimed to develop a cumulative renal score (the
sum of the highest KDIGO SC and UO severity stages) for staging of AKI, expanding the
original three KDIGO stages to six stages. We hypothesized that the cumulative renal score
would more accurately describe AKI severity and outcomes.

Patients and Methods: Critically ill adult patients were identified from the Multi-
parameter Intelligent Monitoring in Intensive Care III Database. The primary outcome was
hospital mortality. Logistic regression was used to explore the association between cumula-
tive renal score and hospital mortality.

Results: A total of 17,404 critically ill adult patients were enrolled. Patients with higher
cumulative renal scores had greater hospital mortality than patients with lower cumulative
renal scores (score 0, 7.6%; score 1, 9.3%; score 2, 12.5%; score 3, 18.9%; score 4, 27.1%;
score 5, 34.7%; score 6, 46.8%, p < 0.001). After adjustment for significant covariates,
relative to cumulative renal score 0, cumulative renal scores 2—6 were associated with
increased hospital mortality. Within the traditional KDIGO stage 2 AKI, when compared
with cumulative renal score 2, cumulative renal score 4 had increased hospital mortality.
Within the traditional KDIGO stage 3 AKI, when compared with cumulative renal score 3,
cumulative renal score 6 had increased hospital mortality.

Conclusion: Our study demonstrates that the KDIGO SC and UO criteria have a cumulative
effect on AKI severity staging. The cumulative renal score improves the traditional KDIGO
AKI staging by applying the two sets of criteria sequentially and provides more insight into
the relationship between AKI and outcomes.

Keywords: acute kidney injury, critical care, critically ill patients, Kidney Disease:
Improving Global Outcomes, mortality

Introduction

Acute kidney injury (AKI) is a common and serious complication of critical
illness." ™ The first consensus criteria for AKI were established to reduce hetero-
geneity in reporting AKI and outcomes; the Risk, Injury, Failure, Loss of kidney
function, and End-stage kidney disease (RIFLE) classification, which were slightly
modified into the Acute Kidney Injury Network (AKIN) classification.”® The
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Kidney Disease: Improving Global Outcomes (KDIGO)
criteria combine the two previous classifications and are
currently recommended to assess AKIL’

The KDIGO stages AKI into three stages based on the
highest severity of increase in serum creatinine (SC) or
urine output (UO) criteria.” Patients are assigned the same
stage of AKI regardless of which criteria (SC, UO or both)
for that stage are met. Clinically, however, a rising SC is
reflective of renal excretory dysfunction, whereas oliguria
is indicative of impaired fluid homeostasis; thus the two
criteria do not provide equivalent information. Indeed,
recent studies have demonstrated that patients who meet
both the SC and UO criteria have poorer outcomes.®’
Thus, in this study, we developed a cumulative renal
score (the sum of the highest KDIGO SC and UO severity
stages) for staging of AKI, expanding the original three
KDIGO stages to six stages. We hypothesized that criti-
cally ill patients with higher cumulative renal scores are at
increased risk for poorer outcomes.

Materials and Methods
Sources of Data

All data
Multiparameter Intelligent Monitoring in Intensive Care
(MIMIC) III database version 1.4.'° MIMIC-III is an
openly available database developed by the computational

in this study were extracted from the

physiology laboratory of Massachusetts Institute of
Technology. The database contains de-identified clinical
data for over 50,000 adult intensive care unit (ICU) stays
at Beth Israel Deaconess Medical Center in Boston, MA,
from 2001 to 2012. The institutional review boards of the
Massachusetts Institute of Technology and Beth Israel
Deaconess Medical Center approved the establishment

and use of the database.

Study Population
The primary study population consists of adult (age > 18
years) ICU patients. For patients who were admitted to the
ICU more than once, only the first ICU stay was consid-
ered in this study. Patients with one or more of the follow-
ing conditions were excluded: 1) chronic renal failure
which was defined by the Elixhauser comorbidity
index; 2) discharge or death within 48 hours after ICU
admission; and 3) insufficient information to determine
AKI status.

The data on the first day of ICU admission were
extracted from MIMIC III database including demographic

information (eg, age, gender) and clinical information
from the admission notes. The following admission data
were collected: ethnicity (white, black, or other), admis-
sion type (elective, emergency, or urgent), Elixhauser
comorbidity index,'! and disease severity as assessed by
the Simplified Acute Physiology Score II (SAPS II).'* We
also recorded the need for mechanical ventilation, vaso-
pressors, and renal replacement therapy.

Cumulative Renal Score

AKI stages were classified by the KDIGO defined SC and
UO criteria during the first 48 hours after ICU admission.
Minimum of the SC values available within the 7 days
before admission was used as the baseline SC. If the baseline
was unknown, it was estimated using the Chronic Kidney
Disease Epidemiology Collaboration equation, assuming an
glomerular filtration rate of 75 mL/min/1.73 m* of body
surface area.'> We developed and calculated a cumulative
renal score for the included patients. The cumulative renal
score is calculated by adding the highest KDIGO SC stage to
the highest KDIGO UO stage within the first 48 hours of
ICU admission. For example, a patient with stage 3 AKI
according to the KDIGO SC criteria and stage 2 AKI
according to the KDIGO UO criteria would be assigned
a cumulative renal score of 5. Thus, the cumulative renal
score ranges from 0 (no AKI) to 6 (stage 3 AKI meeting
both SC and UO criteria).

Endpoints

The primary endpoint was the hospital mortality, which
was defined as the status of patient survival at the time of
hospital discharge. Secondary endpoints included recovery
from AKI, early resolution of AKI, time taken for renal
recovery, and length of stay (LOS) in hospital and ICU.
Recovery from AKI was defined as being discharged from
ICU with SC below 1.5 times the baseline value and
normal UO (> 0.5 mL/kg/h for 24 hours on discharge).
Early resolution of AKI was defined as AKI of less than
48 hours’ duration according to the consensus report of the
ADQI 16 Workgroup.'* Time taken for renal recovery was
defined as the number of days from AKI onset until the SC
remained less than 1.5 times the baseline value.

Statistical Analysis

Categorical data were shown as frequency (percent), while
continuous ones as mean (standard deviation [SD]) or med-
ian (interquartile range [IQR]). We did comparisons between
groups by the chi-square test for categorical data and the
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Kruskal-Wallis test for continuous ones. A multivariable
Cox proportional hazards regression model was constructed
to evaluate the association between the cumulative renal
score and mortality. Covariables used in the multivariable
model were age, gender, ethnicity, admission type,
Elixhauser comorbidity index, SAPS II, mechanical ventila-
tion, vasopressors, and renal replacement therapy. These
covariables were selected based on clinical relevance for
risk of death (age, gender) or statistical criteria (univariable
p < 0.05 for inclusion in the analysis). The results were
expressed as hazard ratios (HRs) with 95% confidence inter-
vals (ClIs). Stratified analyses of the original KDIGO AKI
stages 1, 2, and 3 cohorts were performed. The area under
the receiver operating characteristic curves (AUC) was used
to assess the performance of cumulative renal score and
original KDIGO stage for predicting mortality. A two-
tailed test was performed, and p < 0.05 was considered
statistically significant. All statistical analyses were per-

formed using STATA V.16.0.

Results

AKI Staging and Baseline Characteristics

Data on 17,404 ICU patients were included in this study
(Figure 1). KDIGO defined AKI was diagnosed in 11,711
patients (67.3%); 3907 (33.4%), 5912 (50.5%), and 1892
(16.2%) experienced KDIGO stage 1, stage 2, and stage 3
AKI, respectively. When the SC and UO criteria were applied
additively to calculate the cumulative renal score, it was dis-
tributed as follows: cumulative renal score 0 (n = 5693;
32.7%), cumulative renal score 1 (n = 3372; 19.4%), cumula-
tive renal score 2 (n = 4540; 26.1%), cumulative renal score 3
(n=2015; 11.6%), cumulative renal score 4 (n = 819; 4.7%),
cumulative renal score 5 (n=467; 2.7%), and cumulative renal
score 6 (n = 498; 2.9%). As shown in Table 1, patients with

Adult ICU patients from MIMIC-
11l database (n = 38509)

higher cumulative renal scores had higher Elixhauser comor-
bidity indices and SAPS 1II calculated at ICU admission.

Primary Analysis: Strong Association of
Cumulative Renal Score with Hospital
Mortality

Patients with higher cumulative renal scores had higher
hospital mortality than patients with lower cumulative
renal scores (score 0, 7.6%; score 1, 9.3%; score 2, 12.5%;
score 3, 18.9%; score 4, 27.1%; score 5, 34.7%; score 6,
46.8%, p < 0.001) (Table 2 and Figure 2). Unadjusted Cox
proportional hazards regression modeling showed that
patients with cumulative renal score 1 or greater were at
increased odds for hospital mortality compared with those
with cumulative renal score 0 (Figure 3A). After multivari-
able risk adjustment for age, gender, ethnicity, admission
type, Elixhauser comorbidity index, SAPS II, mechanical
ventilation, vasopressors, and renal replacement therapy,
cumulative renal score 2 or higher remained independently
associated with hospital mortality (Figure 3B). The AUC for
predicting hospital mortality of cumulative renal scores
(AUC, 0.663; 95% CI 0.651-0.675) was statistically higher
than that of original KDIGO stages (AUC, 0.649; 95% CI
0.637-0.661) (p < 0.001) (Figure 4).

Primary Analysis Stratified by the Original
KDIGO AKI Stages

In order to better clarify the impact of the expanded sta-
ging provided by the cumulative renal score, we conducted
our primary analysis of hospital mortality separately for
each of the three original KDIGO stages. In unadjusted
analyses, hospital mortality still increased significantly in
patients with higher cumulative renal scores across origi-
nal KDIGO stages (Figure 3A). In adjusted analyses,

Exclusion:

Chronic renal failure (4634 excluded)
ICU staty < 48 hours (16215 excluded)
Unable to stage AKI (256 excluded)

v

Final cohort (n = 17404 )

Figure | Flow chart of patient selection.
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Abbreviations: AKI, acute kidney injury; ICU, intensive care unit; LOS, length of stay; NA, not applicable.

however, this finding was attenuated (Figure 3B). Within
KDIGO stage 1 AKI, patients with cumulative renal score
2 did not have higher adjusted odds of hospital mortality
compared with those with cumulative renal score 1. Within
KDIGO stage 2 AKI, only patients with cumulative renal
score 4 had higher adjusted odds of hospital mortality
compared with those with cumulative renal score 2.
Within KDIGO stage 3 AKI, only patients with cumulative
renal score 6 had higher adjusted odds of hospital mortal-
ity compared with those with cumulative renal score 3.

Secondary Analyses

We found that increasing cumulative renal score was asso-
ciated with a decreased chance of recovery from AKI (score 1,
88.0%; score 2, 76.2%; score 3, 56.1%; score 4, 41.2%; score
5, 26.0%; score 6, 16.7%, p < 0.001) and early resolution of
AKI (score 1, 59.2%; score 2, 51.8%; score 3, 34.0%; score 4,
15.8%; score 5, 5.8%; score 6, 0.6%, p < 0.001) (Table 2 and
Figures 5-6). Furthermore, we found that increasing cumula-
tive renal score was associated with a longer time taken for
renal recovery (p < 0.001) (Table 2). We also found that
increasing cumulative renal score was associated with longer
LOS in ICU and hospital; the lowest LOS was seen in patients
with cumulative renal score 0 (ICU LOS: 3.5 days, IQR, 2.6—
6.1 days; hospital LOS: 8.8 days, IQR, 5.7-14.7 days), and the
longest LOS was seen in patients with cumulative renal score
6 (ICU LOS: 7.3 days, IQR, 3.7-13.7 days; hospital LOS:
14.6 days, IQR, 7.0-27.0 days) (Table 2).

Discussion
Summary of Key Findings

In this study, we developed a cumulative renal score,
expanding AKI staging from three to six stages.
Critically ill patients with higher cumulative renal scores
had greater hospital mortality than patients with lower
cumulative renal scores. After adjustment for potential
covariates using logistic regression, cumulative renal
score 2 or higher remained significantly associated with
hospital mortality. Then, we applied the cumulative renal
score within each of the three original KDIGO stages.
Within KDIGO stage 2 and 3 AKI, we found significantly
greater hospital mortality in patients in the highest cumu-
lative renal score. Furthermore, increasing cumulative
renal score was associated with an increased risk for non-
recovery from AKI, longer time to renal recovery, and
greater need for ICU and hospital stay.
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Hospital mortality by cumulative renal score
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Figure 2 Hospital mortality rate by cumulative renal score.

Context with Prior Literature
KDIGO adjudicates AKI diagnosis when patients meet
either the SC or the UO criteria and ultimately confers

Crude analysis

A Group or subgroups HR (95%Cl) p value
Overall
Cumulative renal score 0 1 (ref)
Cumulative renal score 1 M 1.22 (1.06-1.41) 0.007
Cumulative renal score 2 (= 1.56 (1.37-1.77) < 0.001
Cumulative renal score 3 | = 2.13 (1.86-2.45) < 0.001
Cumulative renal score 4 Ll 2.89 (2.46-3.40) < 0.001
Cumulative renal score 5 3,24 (2.71-3.89) < 0.001
Cumulative renal score 6 B 3.88(3.31-4.56) <0.001
KDIGO stage 1 AKI
Cumulative renal score 1 1 (ref)
Cumulative renal score 2 = 1.50 (1.11-2.02) 0.008
KDIGO stage 2 AKI
Cumulative renal score 2 1 (ref)
Cumulative renal score 3 [« 1.36 (1.17-1.58) < 0.001
Cumulative renal score 4 |t 1.84 (1.52-2.24) < 0.001
KDIGO stage 3 AKI
Cumulative renal score 3 1 (ref)
Cumulative renal score 4 = 1.37 (1.05-1.80) 0.021
Cumulative renal score 5 | 1.54 (1.22-1.95) < 0.001
Cumulative renal score 6 |t 1.92 (1.54-2.38) < 0.001

T
12345

a severity stage (1 to 3) based upon the more severe of the
two. It is well established that increases in the severity
stage of AKI by KDIGO criteria have a progressively
larger negative impact on patient outcomes.'>° Several
reports have implied that the current staging of AKI by
KDIGO criteria has a room for improvement in the detec-
tion of high-risk patients. A recent study by Kellum et al®
in adult ICU patients found that the risk of death or renal
replacement therapy was greater in patients who fulfilled
both criteria for SC and UO than in patients with either
criteria. Another recent study by Kaddourah et al’ in
pediatric ICU patients showed that when compared with
those meeting either the highest SC or UO stage, children
who met the highest stage for both criteria were more
likely to require dialysis and experienced higher 28-day
mortality. A further study by Sutherland et al*' in pedia-
tric ICU patients demonstrated that cumulative applica-
tion of SC and UO staging optimizes the KDIGO

Adjusted analysis

B Group or subgroups HR (95%CIl) p value
Overall
Cumulative renal score0 % 1 (ref)
Cumulative renal score 1w 1.00 (0.87-1.16) 0.963
Cumulative renal score2 1.21 (1.06-1.37) 0.004
Cumulative renal score 3 |m 1.38 (1.19-1.59) < 0.001
Cumulative renal score 4 el 1.54 (1.30-1.83) < 0.001
Cumulative renal score 5 ol 1.62 (1.34-1.96) < 0.001
Cumulative renal score 6 = 194 (1.61-2.34) <0.001
KDIGO stage 1 AKI
Cumulative renal score 1 ¢ 1 (ref)
Cumulative renal score 2 1.17 (0.86-1.59) 0.322
KDIGO stage 2 AKI
Cumulative renal score2 ¢ 1 (ref)
Cumulative renal score 3 w 1.05 (0.89-1.22) 0.583
Cumulative renal score 4 = 1.27 (1.04-1.55) 0.021
KDIGO stage 3 AKI
Cumulative renal score 3 ¢ 1 (ref)
Cumulative renal score 4 # 0.99 (0.75-1.31) 0.959
Cumulative renal score 5 1.08 (0.85-1.38) 0.516
Cumulative renal score 6 = 1.33 (1.04-1.70) 0.024

T
05 2 3

Figure 3 Forest plot showing the association between cumulative renal score and outcomes in overall population and subgroups. Univariable (A) and multivariable (B) Cox
proportional hazards regression analyses were performed, yielding hazard ratios with 95% confidence intervals. The confounders included age, gender, ethnicity, admission
type, Elixhauser comorbidity index, Simplified Acute Physiology Score Il, mechanical ventilation, vasopressors, and renal replacement therapy.

Abbreviations: AKI, acute kidney injury; KDIGO, Kidney Disease: Improving Global Outcomes; HR, hazard ratio; Cl, confidence interval.
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Figure 4 Comparison of the receiver operating characteristic curves of cumulative renal score and original KDIGO stage to predict hospital mortality.

Recovery from AKI by cumulative renal score
880

p<0.01
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Figure 5 Rate of recovery of renal function following acute kidney injury (AKI) by
cumulative renal score.

definition and more comprehensively describes the out-
come implications of severe AKI than traditional staging
methods. The calculation of the cumulative renal score, as
described in this study, builds on these findings. We
investigated whether adult ICU patients with higher
cumulative renal scores are at increased risk for poorer
outcomes.

Interpretation and Implications for
Clinicians and Future Research

As cumulative renal score increased, adult ICU patients
experienced higher hospital mortality; this relationship
remained even after adjusting for potential confounders,

Early resolution of AKI by cumulative renal score

592 p <001

518

4
L

.340

Early resolution of AKI

B,
!

158

1 2 3 4 5 6

Figure 6 Rate of early resolution of acute kidney injury (AKI) by cumulative renal
score.

suggesting an independent effect. A possible explanation
for this relationship is that the SC and UO are reflective of
two different types of renal dysfunction. Indeed, an
increasing SC is considered as a marker of renal excretory
dysfunction and a decreasing UO is consistent with
impaired fluid homeostasis. Patients with more substantial
renal excretory dysfunction, more impaired fluid home-
ostasis, and more types of renal dysfunction are likely to
have experienced greater injury and are at increased risk
for worse outcomes.

This study demonstrates that not all traditionally staged
AKI is equivalent. For example, when compared with
adult who met stage 3 criteria for only SC or UO, patients
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with cumulative renal score of 6 were more likely to die,
had greater need for ICU care with longer hospital stays,
and were less likely to recover from AKI. This study
suggests that a modified 6-stage version of the KDIGO
AKI classification (cumulative renal score 1, 2, 3, 4, 5,
and 6) may provide additional prognostic information.
Future studies are needed to validate this modification of
scoring.

Limitations

The major strength of this study is the large number of
ICU patients; however, there are also several limitations to
this study. First, the study was limited by its retrospective
nature. Second, because this was a single-center study, we
did not perform a model validation. The results need to be
validated by multicenter studies. Third, although we did
our best to use a multivariable model to control bias, there
remain the possibility of residual confounding that was not
examined in our multivariable model. Fourth, although we
had a relatively large number of patients in this study, the
exclusion of 55% patients may have led to selection bias.
Fifth since the MIMIC III database used in the present
study only contains the data of ICU patients admitted
between 2001 and 2012, the data may not accurately
reflect the current situation. Despite these limitations, this
study provides evidence that cumulative renal score may
represent important evolution in staging AKI.

Conclusion

In conclusion, this study shows that increased cumulative
renal score in critically ill patients is associated with worse
outcomes. This finding highlights that the SC and UO
criteria have a cumulative effect on AKI severity staging.
The calculation of cumulative renal score improves the
original KDIGO AKI staging by applying the two sets of
criteria sequentially. The cumulative renal score provides
more insight into the relationship between AKI and
outcomes.
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