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Abstract

Background: The prevalence of acute kidney injury (AKI) in
COVID-19 patients is high, with poor prognosis. Early identi-
fication of COVID-19 patients who are at risk for AKI and may
develop critical iliness and death is of great importance. Ob-
jective: The aim of this study was to develop and validate a
prognostic model of AKI and in-hospital death in patients
with COVID-19, incorporating the new tubular injury bio-
marker urinary neutrophil gelatinase-associated lipocalin (u-
NGAL) and artificial intelligence (Al)-based chest computed
tomography (CT) analysis. Methods: A single-center cohort
of patients with COVID-19 from Wuhan Leishenshan Hospi-
tal were included in this study. Demographic characteristics,
laboratory findings, and Al-assisted chest CT imaging vari-
ables identified on hospital admission were screened using

least absolute shrinkage and selection operator (LASSO) and
logistic regression to develop a model for predicting the AKI
risk. The accuracy of the AKl prediction model was measured
using the concordance index (C-index), and the internal va-
lidity of the model was assessed by bootstrap resampling. A
multivariate Cox regression model and Kaplan-Meier curves
were analyzed for survival analysis in COVID-19 patients. Re-
sults: One hundred seventy-four patients were included.
The median (+SD) age of the patients was 63.59 + 13.79
years, and 83 (47.7%) were men. u-NGAL, serum creatinine,
serum uric acid, and CT ground-glass opacity (GGO) volume
were independent predictors of AKI, and all were selected in
the nomogram. The prediction model was validated by in-
ternal bootstrapping resampling, showing results similar to
those obtained from the original samples (i.e., 0.958; 95% Cl
0.9097-0.9864). The C-index for predicting AKI was 0.955
(95% C1 0.916-0.995). Multivariate Cox proportional hazards
regression confirmed that a high u-NGAL level, an increased
GGO volume, and lymphopenia are strong predictors of a

Li He, Qunzi Zhang, and Ze Li contributed equally to this study.

karger@karger.com © 2020 The Author(s)
www.karger.com/kdd Published by S. Karger AG, Basel
NG l This article is licensed under the Creative Commons Attribution-
K p— NonCommercial-NoDerivatives 4.0 International License (CC BY-
arger > NC-ND) (http://www.karger.com/Services/OpenAccessLicense).

Usage and distribution for commercial purposes as well as any dis-

B OPEN ACCESS tribution of modified material requires written permission.

Ying Fan or Niansong Wang

Department of Nephrology

Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, 600 Yishan Rd.
Shanghai 200233 (China)

fanyingsh @ 126.com or wangniansong2012 @ 163.com



poor prognosis and a high risk of in-hospital death. Conclu-
sions: This model provides a useful individualized risk esti-
mate of AKI in patients with COVID-19. Measurement of u-
NGAL and Al-based chest CT quantification are worthy of ap-
plication and may help clinicians to identify patients with a
poor prognosis in COVID-19 at an early stage.

© 2020 The Author(s)
Published by S. Karger AG, Basel

Background

In early December 2019, COVID-19 cases emerged in
Wuhan, Hubei Province, China, and soon rapidly spread
worldwide [1, 2]. Recent studies indicate that 5-20% of
COVID-19 patients develop a critical illness that is pri-
marily characterized by acute respiratory distress syn-
drome, with a high mortality [3-5]. Although the initial
clinical sign for the detection of COVID-19 is pneumo-
nia, the virus can affect multiple organs and, among these,
the kidney is one of the most susceptible organs involved
[6]. The incidence of AKI in patients with COVID-19 in-
fection ranges from 3 to 15% worldwide [7] and may rep-
resent a crucial prognostic factor for death [8]. The tradi-
tional evaluation of AKI relies on urine output and serum
creatinine (sCr) levels [9]; however, these are only indica-
tors of established kidney damage, and changes in sCr or
urinary output are neither sensitive nor specific for AKI
[10]. Therefore, early identification of COVID-19 pa-
tients who are at risk for AKI and may develop a critical
illness and death is of great importance.

Much attention should be focused on novel biomark-
ers, especially markers for acute tubular damage. Neutro-
phil gelatinase-associated lipocalin (NGAL) is a marker
for distal tubular injury that is increased when tubular
cells are structurally damaged and it is an early biomark-
er for septic, ischemic, or nephrotoxic harm to the kidney
[11]. Urinary NGAL (u-NGAL) has been identified as a
new biomarker for the diagnosis and evaluation of AKI
[12]. It has also been indicated that u-NGAL exhibits a
good performance in predicting mortality in AKI patients
[12]. In addition, NGAL serves as an acute-phase protein
that is increased in many human diseases, particularly in-
fection, inflammation, and ischemia [13].

Chest computed tomography (CT) has been used as
the first-line imaging modality for prompt diagnosis and
disease monitoring during the course of COVID-19
pneumonia [14]. Typical imaging features of COVID-19
pneumonia are multifocal bilateral ground-glass opaci-
ties (GGO) with patchy consolidations. The GGO quick-

Prognostic Model of AKI in COVID-19
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ly expand, followed by disease progression, and the extent
of involved pulmonary lesions has been correlated with
adverse clinical results [15, 16]. Artificial intelligence (AI)
is a new medical technique employed for quantitative
evaluation of pulmonary diseases, allowing a more pre-
cise quantification of pulmonary lesions based on differ-
ent attenuation thresholds [17]. However, Al-based CT
quantification has not been widely applied in clinical
practice for several objective reasons, which has ham-
pered the precise assessment of disease severity and prog-
nosis in patients with COVID-109.

In our study, we aimed to determine the clinical char-
acteristic and imaging features of AKI patients with CO-
VID-19 infection admitted to Wuhan Leishenshan Hos-
pital. This is the first study to examine whether u-NGAL,
anew biomarker for renal tubular injury, is more sensitive
and accurate in detecting patients with AKI and predict-
ing renal outcomes than traditional renal function index-
es. In addition, we developed and validated a prognostic
model of AKI and in-hospital death in patients with CO-
VID-19, incorporating u-NGAL, laboratory findings, and
Al-based quantification of chest CT scans. This study may
help clinicians to identify COVID-19 patients who are
susceptible to AKI and a poor prognosis at an early stage.

Materials and Methods

Patient Population

Patients with COVID-19 admitted to Wuhan Leishenshan
Hospital from February 10, 2020, to April 9, 2020, were enrolled
into this study. Patients with the following conditions were ex-
cluded: acute hepatitis, tuberculosis, and a need for maintenance
dialysis or renal transplantation. AKI was defined as an increase of
0.3 mg/dL sCr within 48 h or of 50% baseline sCr within 7 days
based on Kidney Disease: Improving Global Outcomes (KDIGO)
criteria [9]. Baseline sCr was defined as the sCr value on admission.

Procedures

The following patient characteristics were extracted on hospital
admission: clinical signs and symptoms, laboratory data, demo-
graphic characteristics, medical history, treatment, and outcome
data. The thresholds of these laboratory data were given by the
testing laboratory in Wuhan Leishenshan Hospital. The upper lim-
its of normal sCr in men and women are 104 and 84 mmol/L, re-
spectively. The upper limits of normal uric acid in men and wom-
en are 428 and 357 mmol/L, respectively. The lower limit of blood
lymphocyte counts was 1.1 x 10°/L. The estimated glomerular fil-
tration rate (eGFR) was calculated using the Chronic Kidney Dis-
ease Epidemiology Collaboration (CKD-EPI) equation [18]. All
data were confirmed by a team of experienced physicians.

CT Findings
All of the patients were examined using a 128-slice multidetec-
tor CT (Revolution Maxima; GE Medical Systems, Milwaukee, WI,
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Table 1. Clinical characteristics and outcomes of patients with COVID-19

All Nonsevere Severe p value
(n=174) (n=120) (n=54) (severe vs.
nonsevere)

Age, years 63.59+13.79 60.48+13.34 70.5+12.27 0.000
Males 83 (47.7) 50 (41.7) 33 (61.1) 0.018
Exposure to patients 48 (27.6) 37 (30.8) 11 (20.4) 0.153
Comorbidities

Hypertension 84 (48.3) 52 (43.3) 32 (59.3) 0.052

Diabetes 51(29.3) 29 (24.2) 22 (40.7) 0.027

Respiratory system disease 16 (9.2) 6 (5.0) 10 (18.5) 0.010

Chronic kidney disease 15 (8.6) 8 (6.7) 7 (13) 0.172

Coronary heart disease 30(17.2) 16 (13.3) 15 (27.8) 0.012

Cerebrovascular disease 19 (10.9) 9 (7.5) 10 (18.5) 0.032
Complications

ARDS 15 (8.6) 0 (0) 15 (27.8) 0.000

AKI 20 (11.5) 1(0.8) 19 (35.2) 0.000

Stage 1 11 (6.3) 0 11 (20.4)

Stage 2 5(2.9) 1(0.8) 4(7.4)

Stage 3 4(2.3) 0 4(7.4)
Clinical outcomes

Discharged from hospital 155 (89.1) 120 (0) 35 (64.8) 0.000

Remained in hospital 4(2.3) 0 4(7.4) 0.003

Death 15 (8.6) 0 15 (27.8) 0.000

Values are presented as medians + SD or numbers (%). Severity was staged based on the guidelines for
diagnosis and treatment of COVID-19 (trial 7th edition) published by the Chinese National Health Commission.

ARDS, acute respiratory distress syndrome.

USA) in the supine position with inspiratory breath hold. Al-as-
sisted lesion quantification was analyzed using commercially
available software (LungDoc, version 1.19.1; ShuKun Network
Technology, Beijing, China). The volumes of GGO and consolida-
tion were automatically assessed based on different attenuation
thresholds (-750 to -300 HU for GGO and -300 to 50 HU for con-
solidation) [19].

Urinary NGAL and Microalbuminuria Levels

Urinary NGAL and microalbuminuria (MAU) levels were test-
ed by Li He and Qiuting Xu using a bedside dry fluorescence im-
munoanalyzer (model tz-320; Relia, Jiangsu, China) according to
the protocol provided by the manufacturer.

Statistical Analyses

We performed multiple imputation of missing patient clinical
data. Normally distributed variables are described using means +
SD, and medians (IQR) were used for nonnormally distributed
variables. Least absolute shrinkage and selection operator (LAS-
SO) regression was used to decrease the potential collinearity of
variables assessed from the same patient and overfitting of vari-
ables. We used a multivariate logistic regression model to calculate
the OR and 95% CI of powerful predictive factors influencing AKI.
The model is presented as nomogram. receiver operating charac-
teristic (ROC) curves were drawn, and the area under the curve
(AUC) was calculated to compare the accuracy of the prediction
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model with traditional kidney function markers. The performance
of the predictive model was also examined using a bootstrapping
technique with 1,000 random sampling and replacement itera-
tions. Harrell’s C statistic was calculated with its 95% CI to mea-
sure the predictive power of our model.

Univariable and multivariable Cox regression models were
performed to estimate the HR and 95% CI for risk factors associ-
ated with in-hospital death. ROC curves were used to determine
cut-off points of u-NGAL levels and GGO volume that predicted
all-cause mortality. Evaluation of differences in in-hospital mor-
tality between subgroups of u-NGAL levels and GGO volume were
assessed using a Kaplan-Meier survival curve with a log-rank test.

All statistical analyses were conducted using R version 4.0.0.
Data processing and statistical analyses were conducted by an in-
dependent statistician. All tests were two-sided, and p < 0.05 were
considered statistically significant.

Results

Patient Characteristics

One hundred seventy-four patients with COVID-19
admitted to Wuhan Leishenshan Hospital from Febru-
ary 10, 2020, to April 9, 2020, were enrolled into our
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Table 2. Laboratory findings of patients with COVID-19

All Nonsevere Severe p value
(n=174) (n=120) (n=54) (severe vs.
nonsevere)
Leucocyte count, n x 10°/L 6.0 (4.7-7.5) 5.6 (4.5-6.4) 8.2 (5.9-11.1) 0.000
Lymphocyte count, n x 10°/L 1.4 (0.9-1.8) 1.6 (1.2-2.0) 0.8 (0.6-1.0) 0.000
Neutrophil count, # x 10°/L 3.5(2.6-5.2) 3.0 (2.3-4.0) 6.2 (4.4-9.1) 0.000
Platelet count, # x 10°/L 230.0 (171.5-276.0) 236.0 (186.0-272.0) 217.5(142.5-295.8) 0.291
Hemoglobin, g/L 120.0 (106.5-133.0) 125.0 (112.0-137.0) 106.5 (88.5-123.0) 0.000
Erythrocyte sedimentation rate, mm/h 23.0 (9.8-44.0) 20.0 (9.00-32.0) 40.0 (20.8-61.8) 0.000
Albumin, g/L 37.9 (34.7-40.7) 38.8 (36.4-41.1) 34.5(29.2-37.1) 0.000
Alanine aminotransferase, U/L 23.0 (14.0-37.3) 19.0 (14.0-34.8) 28.0 (18.0-51.8) 0.046
Aspartate aminotransferase, U/L 21.0 (15.8-32.0) 18.5 (15.0-27.5) 26.0 (21.0-48.3) 0.000
Lactic dehydrogenase, IU/L 191.0 (165.8-248.3) 179.0 (160.3-206.8) 287.0 (222.8-424.5) 0.000
Blood urea nitrogen, nmol/L 5.3 (4.3-7.2) 4.9 (3.8-6.3) 7.2 (4.9-15.3) 0.000
Serum creatinine, pmol/L 64.8 (52.7-78.2) 63.0 (52.2-75.0) 66.8 (57.6-87.1) 0.056
Peak serum creatinine, umol/L 67.2 (56.5-89.1) 64.8 (54.0-77.8) 81.6 (65.9-125.0) 0.000
eGFR, ml/min/1.73m? 92.8 (80.2-103.4) 95.0 (85.5-104.7) 86.8 (64.3-98.4) 0.004
sUA, pmol/L 275.5 (221.5-347.0) 286.0 (230.3-346.0) 268.5 (184.5-395.5) 0.526
Cystatin C, mg/L 1.0 (0.8-1.2) 0.9 (0.8-1.1) 1.3 (0.9-2.0) 0.000
IL-6, pg/mL 3.5(1.5-22.0) 1.6 (1.5-4.5) 40.4 (11.6-145.6) 0.000
IL-10, pg/mL 5.0 (5.0-5.0) 5.0 (5.0-5.0) 5.0 (5.0-8.0) 0.000
TNF-a, pg/mL 7.7 (6.1-10.6) 7.3 (5.7-9.4) 10.3 (7.1-15.7) 0.001
C-reactive protein, mg/L 7.7 (6.1-10.6) 0.7 (0.5-3.1) 29.1 (8.1-73.1) 0.000
Procalcitonin, ng/mL 0.05 (0.03-0.15) 0.03 (0.03-0.05) 0.18 (0.08-0.46) 0.000
SAA, mg/L 5.0 (5.0-13.7) 5.0 (5.0-8.5) 40.1 (11.7-102.7) 0.000
u-NGAL, ng/mL 100.3 (67.9-166.7) 79.0 (57.3-118.3) 199.6 (157.3-545.1) 0.000
Microalbuminuria, mg/L 16.1 (10.3-36.9) 13.1(8.8-25.8) 40.1 (23.7-89.9) 0.000
Urinary red blood cell count, n/uL 6.4 (2.2-23.3) 5.1 (1.7-14.5) 12.7 (3.3-128.0) 0.002

Data are presented as medians (IQR).

study. Table 1 shows the clinical characteristics and out-
comes of patients with COVID-19. On hospital admis-
sion, 54 of 174 patients were considered to be severe, and
the rest were considered to be nonsevere, according to
the guidelines for diagnosis and treatment of COVID-19
published by NHC of China (6th Edition). Median pa-
tient age was 63 years, and 47.7% were male. Some pa-
tients, especially severe patients, presented with organ
function injury, including 15 (8.6%) with acute respira-
tory distress syndrome, 20 (11.5%) with acute kidney in-
jury (AKI), and 48 patients (27.6%) had a history of ex-
posure to those with COVID-19 (Table 1). In the end,
155 (89.1%) patients were discharged from the hospital.
The most common symptoms were fever (60.9%), cough
(63.2%), and dyspnea (50.6%) (online suppl. Table
S1; for all online suppl. material, see www.karger.
com/doi/10.1159/000511403). Among these patients,
171 (98.3%) were treated with a high-flow nasal cannula,
32 (18.3%) with mechanical ventilation, and 2 (1.1%)

Prognostic Model of AKI in COVID-19
Patients

with extracorporeal membrane oxygenation (ECMO)
(online suppl. Table S1).

Compared to nonsevere patients, severe patients were
more likely to exhibit lower lymphocyte counts (i.e., 0.8
and IQR 0.6-1.0 vs. 1.6 and IQR 1.2-2.0 x 10°/L) and in-
creased C-reactive protein (i.e., 29.1 and IQR 8.1-73.1 vs.
0.7 and IQR 0.5-3.1 mg/L), erythrocyte sedimentation
rates (i.e., 40.0 and IQR 20.8-61.8 vs. 20.0 and IQR 9.0-
32.0 mm/h), serum amyloid A (SAA) (i.e., 40.1 and IQR
11.7-102.7 vs. 5.0 and IQR 5.0-8.5 mg/L), and procalci-
tonin (i.e., 0.18 and IQR 0.08-0.46 vs. 0.03 and IQR 0.03-
0.05 ng/mL). In addition, severe patients tended to have
higher liver enzyme levels and lower serum albumin lev-
els (Table 2).

Kidney Abnormalities, AKI, and In-Hospital Death

During hospitalization, the incidence of AKI in the
overall COVID-19 patient population who met the KDI-
GO criteria was 11.5%, and it was significantly higher in
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Table 3. CT findings of patients with COVID-19

All Nonsevere Severe p value
(n=174) (n=120) (n=54) (severe vs.
nonsevere)
Semiquantitative evaluation
Reticulation 90 (60.8) 44 (46.8) 46 (85.2) 0.000
Pleural effusion 44 (29.7) 11(11.7) 33 (61.1) 0.000
Lymphadenopathy 11(7.3) 5(5.3) 6(11.1) 0.205
Nodule 6 (6.3) 1(1.1) 5(9.3) 0.016
Al-assisted quantification
Total lesion volume, cm? 98.7 (30.4-294.4) 54.0 (15.0-119.5) 337.6 (178.3-525.9) 0.000
GGO volume, cm? 65.6 (19.2-214.3) 36.9 (9.1-91.4) 227.4 (106.1-388.0) 0.000
Consolidation volume, cm? 3.5(0.8-16.1) 1.5 (0.4-3.8) 26.8 (9.1-60.8) 0.000
Data are presented as medians (IQR).

Table 4. Multivariate logistic regression model for predicting AKI in patients with COVID-19

Variable B OR 95% CI p value

Intercept -5.776 0.003 0.000

u-NGAL (ng/mL) 0.005 1.005 1.002-1.008 0.000

sUA (pmol/L) 2.439 11.456 1.970-66.637 0.007

sCr (umol/L) 2.305 10.020 1.609-62.401 0.014

GGO volume (cm?) 0.008 1.008 1.003-1.012 0.000

severe patients (35.2%) than in nonsevere patients (1.0%).
Severe patients tended to exhibit kidney abnormalities,
including higher peak sCr (i.e., 81.6 and IQR 65.9-125.0
vs. 64.8 and IQR 54.0-77.8 umol/L) and blood cystatin C
levels (i.e., 1.3 and IQR 0.9-2.0 vs. 0.9 and IQR 0.8-1.1
mg/L) and increased u-NGAL levels (i.e., 199.6 and IQR
157.3-545.1vs. 79.0 and IQR 57.3-118.3 ng/mL), urinary
red blood cell counts (i.e., 12.7 and IQR 3.3-128.0 vs. 5.1
and IQR 1.7-14.5/pL) and MAU levels (i.e., 40.1 and IQR
23.7-89.9 vs. 13.1 and IQR 8.8-25.8 mg/L) (Table 2). In-
hospital death occurred in 8.6% of the patients (Table 1).
The incidence of in-hospital death in patients with AKI
was 25%, which was significantly higher than in those
without AKI (6.49%).

Chest CT Findings in COVID-19 Patients

CT semiquantitative data revealed that severe patients
had ahigher incidence of pleural effusion (61.1vs. 11.7%),
nodules (9.3 vs. 1.1%), lymphadenopathy (11.1 vs. 5.3%),
and reticulation (85.2 vs. 46.8%) compared to nonsevere
patients. In terms of CT Al-assisted quantification, GGO
and consolidation were 2 primary findings of the initial
chest CT, and severe patients had a larger GGO volume
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(i.e.,227.4andIQR 106.1-388.0vs. 36.9and IQR9.1-91.4
cm?), as well as a larger consolidation volume (i.e., 26.8
and IQR9.1-60.8 vs. 1.5and IQR 0.4-3.8 cm?), compared
to nonsevere patients. (Table 3).

Risk Factors Predicted AKI

Variables measured on hospital admission were in-
cluded in the LASSO regression. After LASSO regression
selection, 4 variables remained significant predictors of
AKTI, including u-NGAL, sCr, serum uric acid (sUA), and
GGO volume (Fig. 1). Upon inclusion of these 4 variables
in a logistic regression model, they remained statistically
significant predictors of AKI and were included in the
prediction model as follows: u-NGAL (OR = 1.005; 95%
CI 1.002-1.008; p = 0.000), sCr (OR = 10.020; 95% CI
1.609-62.401; p = 0.014), sUA (OR = 11.456; 95% CI
1.970-66.637; p = 0.007), and GGO volume (OR = 1.008;
95% CI 1.003-1.012; p = 0.000; Table 4).

Prognostic Nomogram for AKI

Since logistic regression analysis identified u-NGAL,
GGO volume, sCr level, and sUA level as independent
predictors, we developed a nomogram to quantitatively
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Fig. 1. Texture feature selection using the LASSO binary logistic
regression model. a Tuning parameter () selection in the LASSO
model used 10-fold cross-validation via minimum criteria. The
AUC for the ROC curve was plotted versus log(A). Dotted vertical
lines were drawn at the optimal values using the minimum criteria
and the 1 SE of the minimum criteria (the 1-SE criteria). A \ value

of 0.076, with a log(\) of 2.567 was chosen (1-SE criteria) accord-
ing to 10-fold cross-validation. b LASSO coefficient profiles. A co-
efficient profile plot was produced against the log(A) sequence. A
vertical line was drawn at the value selected using 10-fold cross-
validation, where the optimal / resulted in 4 factors.
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Fig. 2. Nomogram for the prediction of AKI based on a multivari-
able model. The nomogram allows users to obtain the risk of AKI
corresponding to a patient’s combination of variables. Points are
assigned for each predictor by drawing a straight line upward from
the corresponding value to the “points” line. Then, the points for
each of the predictors are added, and the number is located on the
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“total points” axis. A line drawn straight down leads to the patient’s
probability of AKI. Normal representations of UA or sCr levels
were within the thresholds of the laboratory. Elevated representa-
tions of UA or sCr levels were within the upper limits of the normal
range.
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Table 5. Performance of the predictive model and kidney-related indicators for diagnosis of AKI in COVID-19

patients
Variable AUC 95% CI p value Accuracy, Sensitivity,  Specificity,
% % %

Model 0.955 0.916,0.995 0.000 95.40 95.0 85.1
u-NGAL, ng/mL 0.893 0.825,0.962 0.000 91.37 80.0 92.9

BUN, mmol/L 0.867 0.776,0.957 0.000 87.93 65.0 90.9

sUA, pmol/L 0.714 0.550,0.878 0.002 89.66 55.0 94.2

sCr, umol/L 0.762 0.633,0.892 0.000 91.95 50.0 97.4

Table 6. Univariate and multivariate Cox analysis of clinical characteristics for the prognosis of in-hospital death

Variable Univariate analysis Multivariate analysis
HR (95% CI) p value HR (95% CI) p value

u-NGAL (ng/mL) 1.002 (1.001-1.004) 0.000 1.002 (1.000-1.003)  0.033
SAA (mg/L) 20.713 (2.722-157.594)  0.003

GGO volume (cm?) 1.007 (1.005-1.010) 0.000 1.007 (1.004-1.010)  0.000
IL-10 (pg/mL) 9.179 (3.254-25.888) 0.000

Lyrnphocyte count (n x 10°/L) 0.077 (0.017-0.341) 0.001 0.145 (0.032-0.659) 0.012
LDH (IU/L) 10.265 (2.890-36.466)  0.000

predict AKI after COVID-19 infection that included
these independent predictors (Fig. 2).

Performance Assessment and Internal Validation of

the Nomogram

The performance of the AKI model and renal function
markers (blood urea nitrogen [BUN], sCr, sUA, and u-
NGAL) for identifying AKI patients among COVID-19
patients is described by ROC curves in online supplemen-
tary Figure S1. The AUC and 95% CI for the diagnosis of
AKIT using BUN, sCr, sUA, and u-NGAL, as well as the
prediction model, were 0.867 (95% CI0.776-0.957),0.762
(95% CI 0.633-0.892), 0.714 (95% CI 0.550-0.878), 0.893
(95% CI 0.825-0.962), and 0.955 (95% CI 0.916-0.955),
respectively. The AUC of AKI risk variables revealed that
the prediction model exhibited a good diagnostic perfor-
mance for detecting AKI (p = 0.000). The model was also
demonstrated to have a higher accuracy (i.e., 0.95) with a
sensitivity of 0.95 and a specificity of 0.85 compared to
single renal function indicators (Table 5). The prediction
model was validated by internal bootstrapping resam-
pling, demonstrating that the results were similar to those
obtained from the original samples (i.e., 0.958; 95% CI
0.9097-0.9864). The nomogram had a C-index of 0.955
(95% CI 0.916-0.995), suggesting a good discrimination
ability.
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Risk Factors What Predict In-Hospital Death

To investigate the risk factors that predict in-hospital
death, variables measured on hospital admission were in-
cluded in the LASSO regression. Six variables, including
u-NGAL, lactate dehydrogenase (LDH), GGO volume,
SAA, IL-10, and lymphocyte count, remained significant
predictors of all-cause mortality after LASSO regression
selection (online suppl. Fig. S2). After adjustment by uni-
variate and multivariate Cox regression, the following 3
variables were still strongly associated with in-hospital
death: u-NGAL levels (HR = 1.002; 95% CI 1.001-1.003;
p = 0.033), GGO volume (HR = 1.007; 95% CI 1.004-
1.010; p =0.000), and lymphocyte count (HR = 0.145; 95%
CI 0.032-0.659; p = 0.012) (Table 6). ROC analysis re-
vealed that the cut-off point of GGO volume that pre-
dicted in-hospital death was 214 m* (AUC = 0.873). In the
Kaplan-Meier analysis, we divided the patients into 2
groups based on the cut-oft value. The group with a GGO
volume >214 cm® had a significantly higher in-hospital
death rate than the group with a GGO volume <214 cm’
(log-rank test; p < 0.001). According to the threshold val-
ue in our laboratory, the upper limit of u-NGAL levels
was 150 ng/mL, and the lower limit of blood lymphocyte
counts was 1.1 x 10°/L. The group with u-NGAL levels
>150 ng/mL had a significantly increased in-hospital
death rate compared to the group with u-NGAL levels
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Fig. 3. Kaplan-Meier survival analysis. a u-NGAL level. b GGO volume. ¢ Lymphocyte count. Comparison of

curves using a log-rank test.

<150 ng/mL (log-rank test; p < 0.001). Patients with a
lymphocyte count <1.1 x 10°/L had a significantly in-
creased in-hospital death rate than patients with a lym-
phocyte count >1.1 x 10°/L (log-rank test; p < 0.001)
(Fig. 3).

Discussion

In this single-center cohort study, we demonstrated a
high prevalence of AKI (11.5%) in hospitalized patients
with COVID-19, which is consistent with previous stud-
ies [2, 3, 20]. AKI is an independent risk factor for mor-
tality in COVID-19 patients [21]. The human kidney is a

Prognostic Model of AKI in COVID-19
Patients

vulnerable target for SARS-CoV-2; however, how the kid-
ney is affected by SARS-CoV-2 remains unclear [22]. The
etiology of AKI in COVID-19 patients is likely to be mul-
tifactorial and diverse. Diao et al. [23] reported SARS-
CoV-2 antigens aggregated in renal tubules and viral nu-
cleocapsid protein retention in postmortem kidney sam-
ples, indicating that COVID-19 infects the human kidney
tubules directly [24-25]. In an RN A-sequencing study, an
up to 100 times higher tissue ACE2 expression in the kid-
neys was found compared to the lungs, suggesting that
kidney injury maybe induced by coronavirus in an ACE2-
dependent manner [26]. In addition to direct invasion of
SARS-CoV-2, other secondary factors, particularly im-
mune-mediated kidney damage, cytokine storm, hypox-
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ia, secondary infection with bacteria, other viruses, fungi,
and drug-associated nephrotoxicity, can all lead to AKI
[27-19].

Given the high prevalence and mortality of AKI in
COVID-19 patients, it is urgent to identify novel bio-
markers to enhance the diagnosis and prediction of AKI
in the current battle against the SARS-CoV-2 virus. Al-
though elevated sCr is useful for detecting changes in glo-
merular filtration, it often has a poor relationship with the
onset of AKI or AKI progression [30, 31]. Furthermore,
there exists a lag in time between acute tubular injury and
upregulation of sCr in AKI patients [32]. NGAL is ex-
pressed at low levels in normal human tissues and it is
rapidly released from renal tubular cells in response to
various injurious stimuli, representing a novel, sensitive,
and specific biomarker for early detection of AKI [33-
37]. Consistent with previous findings, based on our mul-
tivariate regression analysis and internal validation by a
nomogram, we demonstrated that u-NGAL represents an
independent risk factor to predict AKI in patients with
COVID-19, suggesting a crucial role of NGAL in the di-
agnosis and prediction of AKI in COVID-19 patients.

In addition, u-NGAL also proved to be a strong pre-
dictor of all-cause mortality in this study. There could be
2 possible reasons for this finding. First, high levels of u-
NGAL indicate an abrupt loss of kidney function result-
ing in AKI, which is significantly correlated with in-
creased mortality [9]. Second, u-NGAL may be involved
in the inflammatory processes and it might be responsible
for the lethal complications of SARS-CoV-2 infection [18,
38]. It has been reported that NGAL is an acute-phase
protein likely to be elevated in many human diseases, par-
ticularly in the setting of inflammation, infection, and
ischemia [9]. Recently, the magnitude of inflammatory
storm was correlated with disease severity in COVID-19
patients [39]. Overwhelming proinflammatory cytokines,
such as IL-6, IL-10, and SAA, not only cause pulmonary
injury characterized by diffuse alveolar injury with endo-
thelial and epithelial apoptosis but may also enter the sys-
temic circulation, leading to extrapulmonary manifesta-
tions and multiple organ injury [40]. In our study, using
LASSO regression analysis we found that inflammatory
factors, such as IL-10, SAA, and lymphocyte count, were
independent risk factors for in-hospital death, indicating
that both a cytokine storm and lymphopenia are associ-
ated with poor in-hospital survival in COVID-19 pa-
tients, and the immune response may play an important
role in directing disease progression [41, 42]. However,
after adjustment by multivariate Cox regression, u-NGAL
remained a strong predictor associated with in-hospital
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death, suggesting dual crucial roles for NGAL in both
AKI pathogenesis and a poor prognosis in COVID-19 pa-
tients.

In the current study, we also applied Al-assisted chest
CT quantification for integrated prediction of disease
progression. Chest CT is considered an important diag-
nostic approach in the management of COVID-19 infec-
tion for detection of pulmonary involvement [5]. How-
ever, conventional CT imaging only provides a visual di-
agnosis and is not able to precisely quantify pulmonary
lesions. The latest technical development in the field of AI
enables automatic lesion quantification using preset at-
tenuation thresholds [43]. Al-based quantification was
beneficial not only for disease diagnosis but also for prog-
nosis evaluation. Studies have indicated that multiple
GGO with consolidations in the periphery of the lungs
comprise the basic CT feature in COVID-19 patients
[44]. In our study, the GGO volume on the initial chest
CT was proven to be an independent risk factor for the
prediction of unfavorable clinical outcomes, including
AKI and in-hospital death, suggesting that Al-assisted le-
sion quantification may represent a useful tool for risk
stratification and prognosis evaluation in patients with
COVID-19.

Here, for the first time, we developed an AKI predic-
tion model combining the new biomarker u-NGAL, Al-
based CT quantification of the GGO volume, and routine
clinical biochemistry parameters. The heterogeneity of
AKI indicated that multiple factors might be necessary
for early detection and disease evaluation of AKI screen-
ing, as well as for optimizing the prognosis of AKI. Since
the nomogram is a useful tool for medical decision-mak-
ing [45], it can make the results of prediction models
much clearer by showing the prediction visually. The cur-
rent study is the first to incorporate 4 independent pa-
rameters (u-NGAL, GGO volume, sCr, and sUA) into a
nomogram and develop risk scores, all of which are mea-
surable and noninvasive. These prognostic scores could
serve as a supplement for stratifying patients who are sus-
ceptible to AKI with COVID-19 infection. In addition,
multivariate Cox analysis also showed that u-NGAL lev-
els, GGO volume, and lymphopenia were the only 3
strong predictors that were independently associated
with in-hospital death, suggesting the importance of u-
NGAL levels and GGO volume and that these factors may
also be associated with a poor prognosis in COVID-19
patients.

Our study has several limitations. This is a single-cen-
ter study with a limited sample size. Furthermore, clinical
data for these patients after discharge was lacking, so we
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could not evaluate long-term outcomes. With a larger
sample size, our model could be externally validated in an
open and independent patient cohort.

In conclusion, this is the first study to develop and val-
idate a noninvasive AKI prediction model incorporating
the new biomarker u-NGAL and Al-based chest CT
quantification to improve the detection and prognosis of
AKI. Higher u-NGAL levels, an increased GGO volume
and lymphopenia were all associated with increased in-
hospital mortality in COVID-19 patients. Measurement
of u-NGAL and Al-based chest CT quantification are
worthy of application in clinical practice for COVID-19
patients and hold promise for future clinical use.
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