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Background: We aimed to identify the affecting features of persistent acute kidney injury 
(pAKI) for patients in intensive care units (ICU).
Methods: The Medical Information Mart for Intensive Care IV (MIMIC-IV) database and 
eICU Collaborative Research Database (eICU-CRD) were used to identify AKI patients with 
and without duration of more than 48 hours. Least absolute shrinkage and selection operator 
(LASSO) regression and support vector machine (SVM-RFE) were utilized to screen for the 
significant clinical indexes associated with pAKI. Predictive nomogram was created based on 
the above informative parameters to predict the probability of pAKI.
Results: LASSO regression and SVM-RFE revealed that serum albumin, chronic kidney 
disease, AKI stage, sequential organ failure assessment score, lactate and renal replacement 
therapy during the first day were significantly associated with pAKI in the training cohort. 
The predictive nomogram based on the six predictors exhibited good predictive performance 
as calculated by C-index 0.730 (95% CI 0.710–0.749) in the training group, 0.702 (95% CI 
0.672–0.722) in the internal validation set and 0.704 (0.677–0.731) in the external validation 
cohort for the prediction of pAKI. Moreover, the predictive nomogram exhibited not only 
encouraging calibration ability, but also great clinical utility in the training group, in the 
internal validation group as well as in the external validation cohort.
Conclusion: Serum albumin, CKD, AKI stage, SOFA score, lactate, RRT during the 
first day were closely associated with pAKI in patients in ICU. The predictive nomogram 
for pAKI manifested good predictive ability for the identification of ICU patients with 
pAKI.
Keywords: persistent, acute kidney injury, intensive care units, prognosis, nomogram

Introduction
Acute kidney injury (AKI), as one of the most frequent complications in patients in 
intensive care units (ICU), is still a global problem with high morbidity, mortality 
and increased risk of chronic kidney disease (CKD), CKD progression and end- 
stage kidney disease (ESKD).1–5 Despite a great amount of literature dedicated to 
its clinical features and subsequent consequences, AKI remains a frustrating disease 
without any effective treatments and increased length of stays and healthcare 
costs.6–8 Moreover, recent studies have demonstrated that timely renal recovery is 
associated with better short-term risk of mortality and long-term risk of ESKD.9,10 

In contrast, persistence of AKI is of great importance in that it aggrandizes patients’ 
risk of CKD, and specific recommendations for the management of AKI patients 
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have been proposed so as to avoidfurther kidney damage 
and associated mortality.11,12 Thus, identifying patients at 
high risk of AKI or in the early phase of AKI may result in 
earlier intervention, shorter AKI duration and better 
prognosis.

Several biomarkers have been shown to be associated 
with the duration of AKI. A recent study using the data 
from RUBY, a multi-center, international, prospective 
observational study, demonstrated that urinary C-C motif 
chemokine ligand 14 was the most predictive biomarker 
for persistent AKI (pAKI) in critically ill patients with 
severe AKI.13 What’s more, Jeremiah et al. constructed 
and externally validated a tool for predicting AKI duration 
and subsequent short- and long-term survival in patients 
after cardiac surgery. However, this tool was so compli-
cated that it might be difficult for clinicians to use in 
clinical practice and the predictive accuracy was also 
relatively low (C-index = 0.66).14 Moreover, several 
nomograms had been established in previous studies in 
patients with sepsis or in patients in ICU,15,16 nevertheless, 
limited data are available for predicting pAKI for critical 
care unit patients until now. Hence, in the current study, 
we tested novel common variables to develop and validate 
a useful nomogram for predicting pAKI in two large 
critical care databases.

Methods
Data Source
The data were collected from two large US-based critical 
care databases named Medical Information Mart for 
Intensive Care IV (MIMIC-IV version 1.0) (https:// 
mimic.mit.edu/iv/) and the eICU Collaborative Research 
Database (eICU-CRD version 2.0)17 in accordance with 
the ethical standards of the Institutional Review Board 
(IRB) of the Massachusetts Institute of Technology 
(MIT). eICU-CRD covers 200,859 ICU admissions in 
2014 and 2015 of 139,367 patients at 208 US hospitals. 
MIMIC-IV contains information of more than 70,000 
patients admitted to the ICUs of Beth Israel Deaconess 
Medical Center in Boston, MA, from 2008 to 2019. Given 
that all patients in this database were de-identified, 
informed consent was waived and data were extracted by 
structured query language with PostgreSQL 9.6.

Selection of Participants
The inclusion criteria in this study were as follows: (1) 
sepsis 3.0 criteria; (2) KDIGO-AKI criteria based on 

serum creatinine in the first 48 hours of their ICU 
admission.18 We further excluded patients with repeat 
ICU stays, under the age of 18 years old, with incomplete 
clinical data (variables with >20% missing values), and 
had a history of ESKD. Patients without serum creatinine 
measures between 48 to 72 hours after the diagnosis of 
AKI were also excluded from this study. A total of 7491 
patients in the MIMIC-IV database and 2648 patients in 
the eICU database were finally included in this study. 
Then, these participants in MIMIC-IV database were ran-
domly assigned into the training cohort (N = 5237) or 
internal validation cohort (N = 2254) based on the ratio 
of 7:3 while the patients in the eICU database were 
assigned to external validation (N = 2648).

Variable Extraction
Baseline characteristics and admission information: age, 
gender, weight, and severity score measured by the sequen-
tial organ failure assessment (SOFA) score, the systemic 
inflammatory response syndrome (SIRS) score, the simpli-
fied acute physiology score II (SAPSII) were calculated as 
described in previous studies.19–22 Comorbidities including 
hypertension, diabetes, chronic kidney disease (CKD), cor-
onary artery disease (CAD), congestive heart failure (CHF), 
chronic obstructive pulmonary disease (COPD), liver dis-
ease and malignant cancer were also collected for analysis 
based on the recorded ICD codes in the two databases. Use 
of mechanical ventilation (MV) and renal replacement ther-
apy (RRT) at the first day of their ICU admission were also 
recorded in this study. Moreover, initial vital signs and 
laboratory results were also measured during the first 24 
hours of ICU admission.

Definitions
Baseline creatinine was the minimum values on the first day 
of their hospital admissions. Recovery of AKI was defined as 
greater than or equal to 50% decrease in serum creatinine 
after the diagnosis of AKI and/or return of serum creatinine 
to the baseline value. Persistent AKI was defined as renal 
dysfunction without recovery within 2 days or before death.11

The primary outcome in this study was the occurrence 
of pAKI.

Construction of the Predictive 
Nomogram
The recurrent nomogram was built using a three-step 
approach. First, we employed LASSO regression to 
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identify the potentially advantageous differential indexes 
which were closely associated with pAKI in the training 
cohort. Then, we also adopted recursive feature elimina-
tion for a support vector machines (SVM-RFE) regression 
model to rank the informative features on the basis of their 
permutation importance in the training cohort. In order to 
avoid the bias caused by a single regression model, we 
only selected the overlapping features of the two models to 
construct the predictive nomogram which could provide 
the clinicians with an intuitive and quantitative prediction 
tool to identify the patients with high risk of pAKI. 
Finally, we validated the predictive efficiency and clinical 
ability of the nomogram in the internal and external vali-
dation cohort.

Statistical Analysis
X-tile version 3.6.1 and R software (version 4.1.0, http:// 
www.r-project.org) were used for all analyses. Continuous 
variables were expressed as mean (standard deviation), 
categorical covariates were reported as number and per-
centage. We compared the continuous variables using the 
independent sample t-test and Chi-square test was used to 
compare the categorical covariates. X-tile software was 
utilized to determine the optimal cut-off value of all 
selected variables. Kaplan-Meier curves and Log rank 
tests were exploited to compare the differences in survival 
rate between the pAKI and tAKI groups in the training, 
internal validation and external validation cohort. P<0.05 
was considered statistically significant.

Results
Patients’ Characteristics
A total of 10,139 patients were finally analyzed in this 
study (5237 patients in the training cohort, 2254 cases in 
the internal validation cohort and 2648 participants in the 
external validation) (Figure 1). Among them, 1891 
(36.1%) patients in the training set, 812 (36.0%) cases in 
the internal validation cohort and 755 (26.6%) patients in 
the external validation developed pAKI during their ICU 
admission. As described in Table 1, compared with 
patients in the transient AKI (tAKI, defined as AKI of 
less than 48-hour duration) group, patients in the pAKI 
group were older, with a higher proportion of advanced 
AKI stage, hypertension, coronary artery disease, chronic 
kidney disease, mechanical ventilation and renal replace-
ment therapy on first day of their ICU admission, higher 
level of GCS, SOFA score, red cell distribution width, 

aspartate aminotransferase, alanine aminotransferase, 
total bilirubin, anion gap, blood urea nitrogen, lactate, 
potassium, international normalized ratio, activated partial 
thromboplastin time, and lower level of hemoglobin, red 
blood cell, albumin.

Moreover, compared with patients in the tAKI group, 
patients in the pAKI group had relatively worse survival 
rate in the training cohort, in the internal validation cohort 
as well as in the external validation cohort (Figure 2A–C).

Identification of Significant Features
LASSO regression was performed to identify factors that 
were significantly associated with pAKI in the training 
group. As graphically demonstrated in Figure 3A, serum 
albumin, CKD, AKI stage, SOFA score, lactate, renal 
replacement therapy (RRT) during the first day, aspartate 
aminotransferase, output during first day, prothrombin 
time, total bilirubin and Glasgow score were risk factors 
for predicting pAKI. For the purpose of constructing an 
easy-to-use predictive model with relatively high accuracy, 
we also applied the SVM-RFE model to screen for the 
significant indexes associated with early recurrence of 
CRC. Results from SVM-RFE algorithm showed that 14 
clinical parameters were screened out by this regression 
model, including age, mean arterial pressure, hypertension, 
OASIS score, SAPSII score, baseline serum creatinine, 
hemoglobin, red cell distribution width, serum albumin, 
CKD, AKI stage, SOFA score, lactate and RRT during the 
first day (Figure 3B).

Construction and Validation of the 
Predictive Nomogram
We only included the overlapping features selected by the 
LASSO regression model and SVM-RFE algorithm into 
the constitution of the predictive nomogram (Figure 3C). 
Based on the results of LASSO and SVM-RFE, six fea-
tures were finally included in the predictive nomogram for 
pAKI (serum albumin, CKD, AKI stage, SOFA score, 
lactate, RRT during the first day) (Figure 4). The predic-
tive performance of the predictive nomogram as measured 
by C-index was 0.730 (95% CI 0.710–0.749) in the train-
ing group, 0.702 (95% CI 0.672–0.722) in the internal 
validation group and 0.704 (0.677–0.731) in the external 
validation group for the prediction of pAKI, indicating that 
the nomogram had a relatively good model discriminative 
capacity. The calibration curve for the predictive nomo-
gram exhibited a high agreement between the actual 
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probability and predicted probability of pAKI in the train-
ing set, internal validation set, and in the external valida-
tion set (Figure 5A–C).

Finally, we utilized decision curve analysis (DCA) to 
determine the clinical utilities of the predictive nomogram. 
The DCA curve also demonstrated that the survival nomo-
gram derived from the training set was clinically useful in 
the training set, internal validation set as well as in the 
external validation set (Figure 5D–F).

Discussion
In the current study, we utilized LASSO and SVM-RFE 
models to select the overlapped affecting features of pAKI 
to firstly build a predicting nomogram based on serum 

albumin, CKD, AKI stage, SOFA score, lactate, RRT 
during the first day. This nomogram possessed good pre-
dictive ability for the identification of ICU patients with 
pAKI. To further validate the feasibility of the predictive 
value of the nomogram, we independently verified this 
conclusion in patients in another public database. 
Therefore, these data suggest that the nomogram may be 
a good tool for identifying patients at high risk of pAKI 
among ICU patients.

Although numerous studies have investigated the devel-
opment and prognosis of AKI patients, renal recovery after 
AKI was largely neglected and their criteria was still poorly 
defined or validated until now.11,23 In fact, timing of renal 
recovery is associated with end-stage renal failure risk,10 

Figure 1 The flow chart of this study.
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long-term prognosis24–26 and has been identified as an 
important endpoint for clinical trials.27 Joana et al. demon-
strated that pAKI was an independent predictor of in- 

hospital mortality in contrast to tAKI in a retrospective 
study of 450 patients who underwent major abdominal 
surgery.28 Similar to this, we also found that pAKI patients 

A B

C

Figure 3 Selection of significant indexes associated with persistent acute kidney injury patients. (A) LASSO Cox regression model. (B) Support vector machine model. (C) 
The overlapping features identified by the two models.
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had a relatively higher in-hospital mortality compared with 
tAKI patients in the training cohort, internal validation 
cohort as well as in the external validation cohort.

A considerable number of clinical studies have investigated 
the independent predictors of AKI and prognosis in different 
populations, however, predictors of pAKI were limited. Coca 

et al. first described urinary injury markers as predictors for 
AKI duration in a prospective cohort study of 1199 adult 
patients who underwent cardiac surgery and found that all 
urinary injury markers including urine neutrophil gelatinase 
associated lipocalin (uNGAL) were independently associated 
with AKI duration.29 Using the data of 1322 AKI patients’ 
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Figure 4 The predictive nomogram for persistent acute kidney injury.
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registry at King Chulalongkorn Memorial Hospital, Nuttha 
et al. also demonstrated that uNGAL was associated with 
pAKI as well as prognosis of AKI patients.30 In addition, 
several factors have been shown to be associated with pAKI 
in previous studies. Firstly, comorbidities, especially for 
patients with pre-existing renal dysfunction, were associated 
with longer AKI duration.10 Our study added the evidence that 
patients with pre-existing CKD were associated with higher 
risk of pAKI. Secondly, the severity of AKI, both assessed by 
oliguria and increased serum creatinine concentrations, was 
also a strong predictor for pAKI.31 In the current study, AKI 
stage defined by creatinine concentrations increases was also 
an overlapped index for pAKI both in the LASSO regression 
model and in the SVM-RFE model. Finally, the severity of 
illness, and need for additional organ support were also asso-
ciated with higher risk of pAKI.32 Consistent with these results, 
our study also concluded that SOFA score and need for RRT 
support at first 24 hours after ICU admission were also asso-
ciated with AKI duration.

Considering that the clinical usefulness of a single bio-
marker is more or less limited in clinical practice by its low 
predictive efficiency, we utilized a nomogram, an easy-to- 
use predictive model which had been widely applied in the 
prediction of the prognosis of cancer patients,33,34 to com-
bine different clinical indexes to achieve an excellent pre-
dictive performance for predicting pAKI. Fortunately, as we 
described in the aforementioned, the predicted nomogram 
possessed excellent predictive value for patients in ICU with 
pAKI. Moreover, we further independently verified our 
results in another ICU database, and this nomogram also 
possessed good predictive ability in patients in ICU. Hence, 
our predictive nomogram was an efficient tool for clinicians 
to improve AKI risk stratification.

Several limitations should be considered in this study. First 
of all, this was a retrospective study based on two large 
electronic public databases, which may result in limited gen-
eralizability. Secondly, the definition of AKI was based on the 
serum creatinine concentrations, thus patients with AKI by 
oliguria may not be included in this study. Finally, some 
other clinical and imaging indexes might be correlated with 
the pAKI. Unfortunately, they were unavailable in the public 
database. Hence, prospective clinical trials from 
multicenters are needed to verify the predictive nomogram in 
the near future.

Conclusions
Serum albumin, CKD, AKI stage, SOFA score, lactate, RRT 
during the first day were closely associated with pAKI in 

patients in ICU. The predictive nomogram for pAKI mani-
fested good predictive ability for the identification of ICU 
patients with pAKI. This nomogram may be a good tool for 
identifying patients at high risk of pAKI among ICU patients.
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