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Abstract

Background To investigate the temporal characteristics of clinical variables of hospital-acquired acute kidney injury (AKI)
in COVID-19 patients and to longitudinally predict AKI onset.

Methods There were 308 hospital-acquired AKI and 721 non-AKI (NAKI) COVID-19 patients from Stony Brook Hospital
(New York, USA) data, and 72 hospital-acquired AKI and 303 NAKI COVID-19 patients from Tongji Hospital (Wuhan,
China). Demographic, comorbidities, and longitudinal (3 days before and 3 days after AKI onset) clinical variables were
used to compute odds ratios for and longitudinally predict hospital-acquired AKI onset.

Results COVID-19 patients with AKI were more likely to die than NAKI patients (31.5% vs 6.9%, adjusted p <0.001,
OR =4.67 [95% CI 3.1, 7.0], Stony Brook data). AKI developed on average 3.3 days after hospitalization. Procalcitonin
was elevated prior to AKI onset (p <0.05), peaked, and remained elevated (p <0.05). Alanine aminotransferase, aspartate
transaminase, ferritin, and lactate dehydrogenase peaked the same time as creatinine, whereas b-dimer and brain natriuretic
peptide peaked a day later. C-reactive protein, white blood cell and lymphocyte showed group differences — 2 days prior
(p <0.05). Top predictors were creatinine, procalcitonin, white blood cells, lactate dehydrogenase, and lymphocytes. They
predicted AKI onset with areas under curves (AUCs) of 0.78, 0.66, and 0.56 at 0, — 1, and — 2 days prior, respectively. When
tested on the Tongji Hospital data, the AUCs were 0.80, 0.79, and 0.77, respectively.

Conclusions Time-locked longitudinal data provide insight into AKI progression. Commonly clinical variables reasonably
predict AKI onset a few days prior. This work may lead to earlier recognition of AKI and treatment to improve clinical
outcomes.

Keywords SARS-CoV-2 - AKI - p-Dimer - Lactate dehydrogenase - Multiorgan failure - Cytokine storm - Predictive
model - Chronic kidney disease

Introduction

Coronavirus disease 2019 (COVID-19) [1, 2] caused by
the novel severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has evolved into a global pandemic with
devastating morbidity and mortality. The widespread out-
breaks with recent spikes across the globe and the likelihood
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of recurrences have strained and will continue to strain
healthcare resources. COVID-19 infection causes dispro-
portional inflammatory responses and cytokine storm that
often result in multiple organ failure. Acute kidney injury
(AKI) has become a hallmark of COVID-19 infection and
is associated with high incidence of critical illness and
mortality in COVID-19 patients [1-12]. Kidneys could be
damaged directly by the virus per se or indirectly by host-
immune responses (i.e., hypoxia, thrombosis, cytotropic
and cytokine-mediated immune responses, amongst others)
[13—15]. Whether direct damage of the kidney and whether
renal infection is common in patients with less severe
COVID-19 is not yet established [13].

Although a few studies have found some clinical vari-
ables, usually at hospital admission, to be associated with
high likelihood of in-hospital AKI [16-18], predicting AKI
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acquired AKI. To our knowledge, there has been no sys-
tematic evaluation of the temporal characteristics of clinical
variables leading up to in-hospital AKI in COVID-19 and
how these temporal characteristics are judiciously used to
inform clinical decision-making. The association of AKI
evolution with respect to other clinical laboratory variables
in the context of COVID-19 disease remains poorly under-
stood. The ability to recognize AKI early and anticipate AKI
development could improve patient management that include
hemodynamic support, renal replacement therapy, and avoid
non-steroidal anti-inflammatory drugs, nephrotoxins, and
contrast [6—12], ultimately improving clinical outcomes.

The goal of this study was thus to investigate the temporal
characteristics of clinical variables associated with hospital-
acquired AKI in COVID-19 patients and to predict hospital-
acquired AKI onset. We analyzed the temporal progression
of different clinical variables with time lock to AKI onset
and developed a mathematical model to predict hospital-
acquired AKI at different days prior to onset. Association of
treatments (invasive mechanical ventilation, anticoagulant,
and steroids) with hospital-acquired AKI was also explored.
This study was done using data from two hospital systems.
To our knowledge, this is the first systematic documenta-
tion of the longitudinal clinical variables leading up to AKI
onset and the first longitudinal prediction of AKI onset in
COVID-19.

Methods
Study population and data collection

Our study followed the Transparent Reporting of a Multi-
variable Prediction Model for Individual Prognosis or Diag-
nosis (TRIPOD). All methods were carried out in accord-
ance with relevant guidelines and regulations, including
those of stated in the “Declaration of Helsinki.” Data came
from two sites: The Stony Brook University Hospital (Stony
Brook, New York, USA) data were used for training, while
the Tongji Hospital (Wuhan, China) data were used for test-
ing purposes.

Stony Brook data

The Stony Brook data came from Stony Brook Univer-
sity Hospital (Stony Brook, NY), a 624-bed facility, for
exempted informed consent and HIPAA waiver from the
Institutional Research Board (IRB 2020-00207). Figure 1
shows the patient selection. Our COVID-19 Persons Under
Investigation Registry of patients through the Emergency
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Fig. 1 Flowchart of patient selection of acute kidney injury (AKI)
patients and non-AKI (NAKI) patients of the Stony Brook data. Pts
patients, /CU intensive care unit, Cr creatinine, C-AKI community-
acquired AKI)

Department consisted of 6,678 persons clinically sus-
pected of COVID-19 infection from February 7, 2020 to
June 30, 2020, of which 2892 were tested positive using
real-time polymerase chain reaction test for severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) on a
nasopharyngeal swab specimen. Data of these cohort have
been used previously for studies of different research ques-
tions [19-27]. All COVID-19 patients in this study were
in-patient.

AKI was defined by KDIGO criteria [28, 29] with either
a 0.3 mg/dl increase in serum creatinine within 48 h or 1.5
times the lowest reading during hospitalization due to lack
of data prior to hospitalization, which served as a baseline
[11, 30]. Patients in our cohort did not declare ESRD and,
therefore, to our knowledge, we excluded all ESRD patients
on dialysis. Non-AKI COVID-19 patients were those whose
blood creatinine level did not rise above the threshold
defined by KDIGO criteria during the entire time of their
hospital stays.

Exclusion included patients with no creatinine reading
(N=173),< 18 years old (N=23), still in the hospital at the
time of this analysis (N=21) and had community-acquired
AKI (N=295) defined as patients who had AKI within 24 h
of admission by KDIGO standards [28, 29]. The final sam-
ple size used in this analysis was 1029 patients meeting the
inclusion/exclusion criteria. Urine output was not used due
unavailable urine data.

Demographics and chronic comorbidities, longitudinal
vital signs, laboratory blood tests, and blood gases were
extracted from electronic medical records. Demographic
data included age, gender, ethnicity and race. Chronic
comorbidities included smoking, diabetes, hypertension,
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asthma, chronic obstructive pulmonary disease (COPD),
coronary artery disease, heart failure, cancer, immunosup-
pression and chronic kidney disease. Longitudinal labora-
tory tests included creatinine (Cr), procalcitonin (PROCAL),
aspartate transaminase (AST), alanine aminotransferase
(ALT), ferritin (FERR), lactate dehydrogenase (LDH), white
blood cell count (WBC), C-reactive protein (CRP), lympho-
cytes count (LYMPH), D-dimer (DDIM), brain natriuretic
peptide (BNP), estimated glomerular filtration rate (eGFR),
and albumin concentration. Longitudinal vital signs included
heart rate (HR), diastolic blood pressure (DBP), systolic
blood pressure (SBP), respiratory rate (RR), pulse oxygen
saturation (SpO2), and temperature (temp). Longitudinal
blood gas variables include pO2, pCO2, and pH. In addition,
we also collected the treatment onset of invasive mechanical
ventilation (IMV), prophylactic and therapeutic anticoagu-
lants and steroids relative to AKI onset.

We time-locked the time-series laboratory test variables
to the day of AKI onset. Laboratory test variables were plot-
ted across time with time lock (r=0) to AKI onset, along
with data 3 days before and 3 days after AKI onset. For
comparison, time-series data for NAKI patients were time
locked (¢=0) to 3 days after ED admission, along with data
3 days before and 3 days after that time point. The 3 days
post-ED admission was chosen because COVID-19 patients
on average developed AKI 3.3 days after ED admission (see
Results). For ease of comparison, individual laboratory test
values were also normalized to the NAKI group at t=0 for
individual patients.

Note that many patients developed AKI after 1, 2 or
3 days post-admission and thus these patients did not con-
tribute to — 3, — 2, or — 1 day prior to onset. Removing data
of patients with onset of 1, 2 or 3 days post-admission did
not alter the temporal characteristics of the time courses of
all clinical variables.

Tongji Hospital data

The Tongji Hospital (Wuhan, China) data were obtained
from Jan 10, 2020 to Feb 24, 2020 (N=485, of which 375
met the inclusion and exclusion criteria) with approval of
their institutional review board and waiver of informed con-
sent [27, 31]. This dataset was used for “testing.”

Prediction model

We built logistic regression models to predict outcomes at
each day prior to AKI onset. Prediction was performed using
individual variables and combination of a few top predictors,
and at a few time points prior to AKI onset. We time-locked
to the day of onset. We performed prediction up to 3 days
prior because AUC performance dropped close to chance
at and beyond 3 days prior. Prediction performance was

evaluated by the area under the curve (AUC) of the receiver
operating characteristic (ROC) curve.

Statistical analysis

All statistical analyses were performed using Python pack-
ages (Sklearn and Statsmodels, Python Software Founda-
tion, Wilmington, DE) and SAS software (Analytics Soft-
ware and Solution, Cary, NC). Frequencies and percentages
for categorical variables between the AKI and NAKI
groups were compared using Xz tests. Continuous variables,
expressed as median (IQR), were compared between groups
using nonparametric Mann—Whitney U tests. Mortality rates
were compared between groups with X2 tests adjusted with
covariates. Differences between AKI and NAKI group for
clinical variables in time series graphs was analyzed via lin-
ear mixed model and least squares means test with Tukey’s
adjustment. P values < 0.05 were considered statistically sig-
nificant unless otherwise specified. P values and odd ratios
for mortality were adjusted for age, ethnicity, and significant
comorbidities.

Results
Stony Brook data

In the Stony Brook data, the general floor cohort, had 197
AKI and 681 NAKI patients (22.4% AKI prevalence), with
the mortality rate of 14.7% and 6.0%, respectively. The ICU
cohort had 111 AKI and 40 NAKI patients (73.5% AKI
prevalence), with the mortality rate of 61.3% and 22.5%,
respectively. Overall, AKI patients had a markedly higher
mortality rate than NAKI patients (31.5% vs 6.9%, adjusted
p<0.001, adjusted OR of 4.67 [95% CI 3.1, 7.0]. The overall
AKI prevalence rate was 23.0%.

Table 1 summarizes patient demographics and comor-
bidities of the Stony Brook data. The median age of hospital-
acquired AKI cohort was older than that of the NAKI cohort
(p<0.001). Sex was not significantly different between
groups. Ethnicity (p =0.003), but not race (p =0.66), was
significantly different between groups. Smoking, diabetes,
hypertension, coronary artery disease, cancer, chronic kid-
ney disease (p < 0.05), but not asthma, COPD, and immuno-
suppression (p > 0.05), were significantly between groups.
AKI patients generally had more comorbidities.

The majority of patients developed AKI within a few days
of hospital admission, averaging 3.3 days (median =2 days).
There were 36.2%, 21.4%, 15.5%, 6.6%, 5.3%, 3.6%, 3.3%,
and 8.2% of COVID-19 patients developed AKI after 1, 2,
3,4,5,6,7,>7 days of hospitalization, respectively (Fig. 2).

Figure 3 depicts the time series of laboratory tests rela-
tive to AKI onset of the Stony Brook data. Laboratory
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Table 1 Demographic
information of the Stony Brook
dataset
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Patients, No. (%)

NAKI (n=721) AKI (n=308) p value

Demographics

Age, median (range), y 59 (47, 73) 70 (55, 80) <0.001

Sex 0.139
Male 409 (56.7%) 190 (61.7%)

Female 312 (43.3%) 118 (38.3%)

Ethnicity 0.003
Hispanic/Latino 197 (27.3%) 62 (20.1%)
Non-Hispanic/Latino 419 (58.1%) 214 (69.5%)

Unknown 105 (14.6%) 32 (10.4%)

Race 0.66
Caucasian 384 (53.3%) 177 (57.5%)
African American 52 (7.2%) 26 (8.4%)
Asian 22 (3.1%) 10 (3.3%)
American Indian/Alaska Native 1(0.1%) 1(0.3%)
Native Hawaiian or other Pacific Islander 1(0.1%) 0
More than One Race 4(0.6%) 1(0.3%)
Unknown/not reported 257 (35.6%) 93 (30.2%)

Comorbidities
Smoking history 0.010
Current smoker 27 (3.7%) 18 (5.8%)
Former smoker 160 (22.2%) 77 (25.0%)
Never smoked 505 (70.0%) 189 (61.4%)
Unknown 29 (4.1%) 24 (7.8%)
Diabetes 159 (22.1%) 108 (35.0%) <0.001
Hypertension 302 (41.9%) 196 (63.6%) <0.001
Asthma 46 (6.4%) 21 (6.8%) 0.794
Chronic obstructive pulmonary disease 57 (7.9%) 33 (10.7%) 0.144
Coronary artery disease 91 (12.6%) 73 (23.7%) <0.001
Heart failure 38 (5.3%) 55 (17.9%) <0.001
Cancer 59 (8.2%) 40 (13.0%) 0.017
Immunosuppression 47 (6.5%) 30 (9.7%) 0.072
Chronic kidney disease 45 (6.2%) 58 (18.8%) <0.001
Number of comorbidities <0.001
0 275 (38.1%) 57 (18.5%)
1 205 (28.4%) 71 (23.1%)
2 136 (18.9%) 70 (22.7%)
3 69 (9.6%) 60 (19.5%)
4 26 (3.6%) 31 (10.1%)
5 5(0.7%) 15 (4.9%)
6 4(0.6%) 4 (1.3%)
7 1(0.1%) 0
Overall mortality (unadjusted) 50 (6.9%) 97 (31.5%) <0.001

Demographic characteristics, comorbidities of AKI versus NAKI patients. Group comparison of categori-
cal variables in frequencies and percentages used 4 test or Fisher exact tests. Group comparison of contin-
uous variables in medians and interquartile ranges (IQR) used the Mann—Whitney U test. Overall mortality
p values were adjusted for demographics and comorbidities (see “Methods”)



Longitudinal prediction of hospital-acquired acute kidney injury in COVID-19: a two-center... 113

Number of Days Prior to AKI

1 2 3 4 5 6 7 >7

Number of Days

120

100

80

Patient Count
[o2)
o

0

Fig.2 Histogram of patients developed AKI after hospitalization in
days of Stony Brook data

values were normalized to the NAKI group at r=0 by
individual patients. In the NAKI cohort, Cr remained low
and time invariant. In the AKI cohort, Cr spiked 4.5 times
from baseline at =0 and returned toward baseline but
above NAKI level.

Procalcitonin was elevated one day prior to AKI onset,
peaked the same time as Cr and remained elevated. AST,
ALT, ferritin, LDH showed similar temporal patterns as
Cr. CRP, WBC, lymphocyte, eGFR showed divergence
between groups starting — 2 days prior. Note that lym-
phocyte counts and eGFR of AKI were below those of
NAKI, in contrast to most other variables. p-Dimer ele-
vated — 1 day prior but peaked a day later than Cr. BNP
peak lagged Cr by 1 day.

Most vitals and blood gases (HR, DBP pressure, SBP,
SpO2, temperature, pO2, pCO2 and pH) and albumin were
similar between groups across these time points, except that
RR was consistently elevated and pH was consistently lower
in the AKI group.

Table 2 shows the ORs of the top five individual variables
for developing AKI for — 1 day prior of the Stony Brook
data. Creatinine and procalcitonin concentrations had the
largest ORs by far, followed by white blood cell count, lac-
tate dehydrogenase and lymphocyte count.

We performed prediction of AKI onset at multiple time
points. Figure 4 shows ROC curves of individual top vari-
ables and the combined five top variables at different days
prior to AKI onset of the Stony Brook data. Figure 5 shows
the prediction performance indices (AUCs) of individual top
variables and the combined five top variables at different
days prior to AKI onset of the Stony Brook data. AUCs were
high at 0 and — 1 day before AKI onset, and decreased — 2
and — 3 days before AKI onset. The combined five top vari-
ables yielded the best AUC compared to individual predic-
tors across all time points studied.

Table 3A summarizes the other performance metrics of
the predictive model using the combined top five variables.

The best model using the combined five top variables pre-
dicted AKI onset with AUC of 0.78, 0.66, and 0.56 at 0, — 1,
and — 2 days prior, respectively.

For external validation, a logistic regression model
trained on the Stony Brook hospital data were tested on the
Tongji Hospital data using the significant variables: proc-
alcitonin, creatinine, white blood cells, lactate dehydroge-
nase lymphocytes. Of the 375 patients, 201 survived and 174
died (46.4% mortality rate) and 72 had hospital-acquired
AKI (19.2% AKI prevalence rate). The results are shown
in Table 3B. The AUC for predicting AKI onset were 0.93,
0.80, and 0.88 at 0, — 1, and — 2 days prior to onset.

AKI onset association with treatments

We also explored the possible association of treatments
with AKI onset in the Stony Brook data. More AKI patients
had IMV (32.1% vs 2.4%, p <0.001), noninvasive mechani-
cal ventilation (12.0% vs 4.2%, p =0.006), prophylactic
(»<0.001) and therapeutic anticoagulants (p=0.002) and
steroids (32.1% vs 9.6%, p=0.006) than NAKI patients
(Table 4). A total of 16.2% of AKI patients needed con-
tinuous renal replacement therapy (1.6%) or hemodialysis
(9.4%), with 5.2% needing both.

We also analyzed the differences in onset times between
AKI development and the initiation of IMV, anticoagulant,
steroid and dialysis treatment (Fig. 6). For most patients,
IMV was initiated — 1 day prior to AKI onset. Anticoagulant
treatment was initiated — 1 to — 3 days prior to AKI onset.
Steroid treatment was initiated — 2 to 0 days before AKI
onset but were comparatively more spread out. For all treat-
ments, treatment initiation day is not significantly associated
with mortality (p > 0.05).

The eGFR was 78.3 +5.5 (SEM) mL/min/1.73m? for AKI
and 99.1 + 1.9 mL/min/1.73m? for NAKI patients for survi-
vors at discharge.

Discussion

This study investigated the temporal characteristics of clini-
cal variables associated with AKI development during hos-
pitalization in COVID-19 patients at two hospitals. The key
findings are: (1) COVID-19 patients with hospital-acquired
AKI acquired it within 3.3 days after hospitalization on
average, and patients with hospital-acquired AKI showed
a markedly higher mortality rate than NAKI patients. (2)
Creatinine peaked 4.5 times from baseline and returned
toward baseline but remained above NAKI level. (3) Pro-
calcitonin elevated prior to AKI onset, peaked the same
time as creatinine and remained elevated. AST, ALT, fer-
ritin, LDH peaked the same time as Cr, whereas D-dimer and
BNP lagged by a day. CRP, WBC, lymphocyte and eGRF
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«Fig.3 Time courses of normalized laboratory tests of HAKI and
NAKI COVID-19 patients of the Stony Brook data. Normalization
was relative to No AKI at t=0 for individual patient. For HA-AKI
patients, =0 represents day of AKI onset (Cr first peaked), and for
No AKI patients 3 days after hospital admission. Abbreviations: Cr,
creatinine. BNP, brain natriuretic peptide. ALT, alanine aminotrans-
ferase. AST, aspartate transaminase. PROCAL, procalcitonin. CRP,
C-reactive protein. LDH, lactate dehydrogenase. WBC, white blood
cell. DBP, diastolic blood pressure. SBP, systolic blood pressure.
FERR, ferritin. LYMPH, lymphocyte count. DDIM, p-dimer. HR,
heart rate. RR, respiratory rate. SpO2, pulse oxygen saturation. PO2,
arterial oxygen pressure. PCO2, arterial carbon dioxide pressure. The
* represents a significant difference based on the linear mixed model
in mean measures between two groups at each time point. Error bars
are SEM

showed differences between groups starting — 2 days prior.
(4) Abnormal creatinine and procalcitonin had the highest
odds ratios for developing AKI, followed by white blood
cells, lactate dehydrogenase and lymphocytes. (5) The best
predictive model using the combined five top variables pre-
dicted AKI onset with AUCs of 0.78, 0.66, and 0.56 at 0,
— 1, and — 2 days prior, respectively (Stony Brook Hospital
data). When tested on an external validation data (Tongji
Hospital data), the AUCs were 0.93, 0.80, and 0.88 at 0, — 1,
and — 2 days prior to onset, respectively.

Our incidence of AKI and mortality odds ratio for patients
with hospital-acquired AKI is in general agreement with the
literature [6—12]. Procalcitonin elevated prior to AKI onset,
peaked the same time as Cr and remained elevated. Elevated
procalcitonin is known to be a sign of a serious infection,
including sepsis [32] and its elevation prior to AKI onset
suggests it might be an early predictor of AKI in COVID-
19. AST, ALT, ferritin, LDH peaked the same time as Cr.
Elevated AST, ALT and ferritin are suggestive of liver dam-
age. Increased levels in AST and ALT in COVID-19 are
associated with the need for escalated care and higher rate
of mortality [33]. Elevated ferritin is indicative of inflam-
mation and cytokine storm, amongst others [34]. Lactate
dehydrogenase is a marker of cell death and multi-organ
failure [35-37]. Taken together, these temporal profiles are
consistent with multi-organ failure [35-37] that occurred at
roughly the same time.

CRP, WBC and lymphocyte concentrations showed diver-
gence between groups very early on starting — 2 days prior
and these variables could have predictive values. CRP is
made by the liver and elevated level of CRP is a sign of
inflammation [38]. Elevated white blood cell count is indica-
tive of cytokine and immune response, including in COVID-
19 infection [39]. Lymphocyte count is known to be lower
in more severe COVID-19 patients and is associated with
high mortality rate [20, 24, 40—42] and is associated with
hospital-acquired AKI [43].

Interestingly, b-dimer concentration, an indicator of blood
clots [44], elevated — 1 day prior but peaked a day later than

Cr concentration, suggesting that potential embolic event
might be present early but peaked in the later stage [10].
p-Dimer has been reported to be associated with COVID-
19 and high mortality. BNP, an indicator of heart damage,
lagged Cr by 1 day. It is not surprising that most vitals and
blood gases were not different between groups across time
points because they were actively maintained within nor-
mal physiological ranges. The exceptions were RR which
was consistently elevated and pH which was consistently
lower in the AKI group, indicative of respiratory distress
and acidosis.

Taken together, time-locked longitudinal data offered
insights into disease pathophysiology. If the clinical vari-
ables at ED admission were averaged across patients without
time lock, most of these clinically significant effects could
likely be averaged out. It is important to emphasize that most
of the clinical variables of NAKI patients were also abnor-
mal compared to normative healthy controls.

Predictive models

Abnormal creatinine (OR = 8.08), procalcitonin (OR=1.92),
white blood cell count (OR =1.35), lactate dehydrogenase
(OR=1.21), and lymphocyte count (OR=0.79) at — 1 day
prior were associated with higher likelihood of AKI devel-
opment. The temporal progression of these clinical variables
suggests some of these variables could predict AKI onset.
We found that creatinine, procalcitonin, white blood cell,
lactate dehydrogenase and lymphocyte levels individually
predicted AKI onset moderately well, and their combination
outperformed individual predictors. The overall prediction
performance by AUC was good at day 0, and moderate at
day — 1 and — 2. The moderate performance of the train-
ing dataset could be due to data asymmetry, low sensitivity,
small sample size and unpredictability of AKI. Interestingly,
AUC:s of the validation data showed better performance than
those of the training data. A possible explanation is that the
Tongji Hospital cohort had worse disease severity where
laboratory variables were more consistently abnormal. Fur-
ther validation studies are needed. Both datasets had low
sensitivity and accuracy, but high specificity. The low sensi-
tivity could be due to data asymmetry and small sample size.

Although creatinine was used to define AKI onset, we
decided to include it in the model for the purpose of com-
parison. While these clinical variables have previously been
associated with critical illness and mortality in COVID-19
patients [45], this is the first time that these clinical variables
were used to predict AKI onset in a longitudinal fashion.
These findings could help frontline physicians to identify
patients needing early interventions to prevent AKI. Taken
together, these findings suggest that AKI is likely a result
of multi-organ failure contributing to higher mortality rate.
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Table2 The top five individual variables with highest odds ratios
(ORs) and 95% confidence level [95% CI] for hospital-acquired AKI
at -1 day prior to AKI onset of the Stony Brook dataset

OR [95% CI] P value
Creatinine 8.08 [4.21, 15.5] <0.001
Procalcitonin 1.92[.78, 4.73] 0.16
White blood cells 1.35[1.05, 1.73] 0.018
Lactate dehydrogenase 1.21 [.943, 1.54] 0.14
Lymphocytes 0.79 [.62, 1.54] 0.05

Time-locked longitudinal data can provide insight into AKI
progression that may lead to earlier recognition of AKI,
intervention and improvement in clinical outcomes.

Association with treatments

Significantly more AKI patients had IMV, anticoagulants
and steroids than NAKI patients. For most patients, IMV
was initiated — 1 day prior to AKI onset. Anticoagulant
treatment was initiated — 1 to — 3 days prior to AKI onset.
Although glomerular hemorrhage could lead to AKI [46],
over-anticoagulation has also been associated with AKI [47,

(A)

Receiver Operating Characteristic: Day -3

(B)

48] and thus it is possible that higher dose of anticoagu-
lant could unintentionally contribute to AKI in COVID-19
patients. The use therapeutic anticoagulants in COVID-19
patients warrant further study [48, 49]. Steroid treatment
was initiated — 2 to 0 days before AKI onset but were com-
paratively more spread out. A recent post hoc analysis of a
placebo-controlled, randomized trial suggests that intraop-
erative steroids might lower the risk of renal replacement
therapy for AKI after cardiac surgery [50]. It is important to
note that these observations are associations, not cause and
effect. For example, IMV and higher dose of anticoagulant
might be needed in more severe COVID-19 patients and thus
they were also more likely to develop AKI in the hospital.
Other explanations are possible.

Finally, the eGFR was 78.3 +5.5 (SEM) mL/min/1 73m?
for AKI and 99.1 + 1.9 mL/min/1.73m? for NAKI patients
for survivors at discharge, where normal eGFR for adults
is>90 mL/min/1.73m? according to the National Kidney
Foundation. This observation suggests kidney function had
not yet returned to normal at discharge.

The strengths and novelties of our study include large
sample size and the use of longitudinal variables with
time-locked to AKI onset to characterize the progression
of relevant clinical variables between AKI and non-AKI
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Fig.4 ROC curves at different days prior to AKI onset for individual and top earliest predictors of AKI of the Stony Brook data

@ Springer



Longitudinal prediction of hospital-acquired acute kidney injury in COVID-19: a two-center... 117

Fig.5 AUC at different days
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Table 3 Performance metrics of the combined top five predictors of
hospital-acquired AKI patients at different days prior to AKI onset on
the (A) Stony Brook Hospital dataset and (B) Tongji Hospital data

AUC  Accuracy Specificity — Sensitivity

A

Day 0 of AKI onset 0.78  0.80 0.96 0.62

— 1 day 0.66 0.79 0.97 0.35

— 2 day 056 0.77 0.98 0.14

— 3 day 051 0.83 0.99 0.04
B

Day O of AKI onset 0.93  0.65 1.0 0.59

— 1day 0.80 0.90 0.94 0.58

— 2 day 0.88 0.90 0.93 0.58

— 3 day 0.78 0.89 0.94 0

COVID-19 patients. The comparison of the temporal
dynamics of various clinical variables is important because
it reveals insights into leading indicators of AKI onset in
the context of COVID-19, which has not been previously
studied. We also developed and tested longitudinal predic-
tive models to predict AKI onset a few days prior to onset
using data from two hospitals, in contrast to essentially all
published papers to date that reported AKI data in COVID-
19 patients at a single time point at admission.

Limitations

This study had several limitations. We did not have data
on proteinuria and hematuria, which have been associ-
ated with in-hospital mortality. Future studies should
include urine analysis in the predictive modeling. As with
all observational studies, other residual confounders may
exist that were not accounted for in our analysis. Note that

Table 4 Treatments for AKI
and NAKI patient cohorts

Patients, No. (%)

NAKI (n=721) HAKI (n=308) p value

Invasive mechanical ventilation 17 (2.4%) 99 (32.1%) <0.001
Noninvasive mechanical ventilation 30 (4.2%) 37 (12.0%) 0.006
Anticoagulants

Prophylactic 212 (29.4%) 153 (49.7%) <0.001

Therapeutic 59 (8.2%) 86 (27.9%) 0.002

Steroids 69 (9.6%) 99 (32.1%) 0.006
Dialysis

CRRT dialysis 0 5(1.6%)

Hemodialysis 0 29 (9.4%)

CRRT dialysis and hemodialysis 0 16 (5.2%)

Group comparison of categorical variables in frequencies and percentages used y° test or Fisher exact tests

CRRT continuous renal replacement therapy
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Fig.6 Histogram of the treatment initiation prior to AKI onset for A
invasive mechanical ventilation, B anticoagulants and C steroids of
the Stony Brook data. For example, most of the patients were treated

many patients developed AKI after 1 day post-admission
and thus they did not contribute to — 3 and — 2 day prior to
onset. Removing data of patients with onset of 1 or 2 days
post-admission did not significantly affect the temporal
characteristics of all time courses. Some of the perfor-
mance indices of prediction were moderate and further
testing on larger and independent datasets are needed.
Future prospective studies are warranted.

Conclusions

This study compared the clinical profiles between COVID-
19 patients with and without hospital-acquired AKI with
respect to temporal progression of clinical variables, demo-
graphics, comorbidities, escalated care, mortality, and
association with treatments. It also identified the top early
predictors of in-hospital AKI and provided a mathematical
model to predict AKI onset a few days prior, with cross-
validation using an independent dataset from another hos-
pital. This approach has the potential to provide frontline
physicians with an objective tool to risk stratification and
prediction of in-hospital AKI in COVID-19 patients in time-
sensitive and potentially resource-constrained environments.
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