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ABSTRACT

Tubular injury is the main cause of acute kidney injury (AKI) in critically ill COVID-19
patients. Proximal tubular dysfunction (PTD) and changes in urinary biomarkers, such as
NGAL, TIMP-2, and IGFBP7 product ([TIMP-2]¢[IGFBP7]), could precede AKI. We
conducted a prospective cohort study from 2020/03/09 to 2020/05/03, which consecutively
included all COVID-19 patients who had at least one urinalysis, to assess the incidence of
PTD and AKI, and the effectiveness of PTD, NGAL, and [TIMP-2]¢[IGFBP7] in AKI and
persistent AKI prediction using the area under the receiver operating characteristic curves
(AUCs), Kaplan—Meier methodology (log-rank tests), and Cox models. Among the 60
patients admitted to the ICU with proven COVID-19 (median age: 63-year-old (interquartile
range: 1QR, 55-74), 45 males (75%), median simplified acute physiology score (SAPS) II: 34
(IQR, 22-47) and median BMI: 25.7 kg/m2 (IQR, 23.3-30.8)) analyzed, PTD was diagnosed
in 29 patients (48%), AKI in 33 (55%) and persistent AKI in 20 (33%). Urinary NGAL had
the highest AUC for AKI prediction: 0.635 (95%CI: 0.491-0.779) and persistent AKI
prediction: 0.681 (95%CI: 0.535-0.826), as compared to PTD and [TIMP-2]¢[IGFBP7]
(AUCs <0.6). AKI was independently associated with higher SAPSII (HR = 1.04, 95%ClI:
1.01-1.06, p = 0.005) and BMI (HR = 1.07, 95%CI: 1.00-1.14, p = 0.04) and persistent AKI
with higher SAPSII (HR = 1.03, 95%CI: 1.00-1.06, p = 0.048) and nephrotoxic drug use (HR
= 3.88, 95%CI: 1.20-12.5, p = 0.02). In conclusion, in critically ill COVID-19 patients, the
incidence of PTD and AKI was relatively high. NGAL was the best urinary biomarker for
predicting AKI, but only clinical severity was independently associated with its occurrence.

Introduction

Two years after the pandemic, coronavirus disease 2019 (COVID-19) has been reported to be
responsible for approximately 18 million deaths worldwide [1]. Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) leads to asymptomatic or paucisymptomatic
infections as well as severe or critical COVID-19. Among patients admitted to the intensive
care unit (ICU) for COVID-19, acute kidney injury (AKI) is a prevalent complication (in
approximately one-third of patients), associated with worse outcomes [2—4].

However, the pathophysiology of COVID-19-associated AKI remains incompletely
elucidated [3]. Several hypotheses have been proposed, including kidney tropism and direct
damage by the virus, SARS-CoV-2 induced cytokine storm and/or coagulopathy, organ
crosstalk, shock, nephrotoxic drugs, and high levels of positive end-expiratory pressure



(PEEP) [3,4]. Although specific kidney diseases have been reported, such as collapsing
glomerulopathy, acute tubular necrosis appears to be the predominant renal pathology [4].
Several studies have highlighted kidney proximal tubular dysfunction in COVID-19 patients
[5-7] and have suggested that it could precede AKI [7]. Thus, tubular dysfunction could play
a critcal role by facilitating an early prediction of COVID-19-associated AKI, as a urinary
biomarker of kidney damage or stress [8]. Kidney damage biomarkers, such as urinary
neutrophil gelatinase-associated lipocalin (NGAL) [9-12], and kidney stress biomarkers, such
as tissue inhibitor of metalloproteinases-2 and insulin-like growth factor binding protein 7
product ([TIMP-2]¢[IGFBP7]) [12,13], have been reported, in a few studies, to be good
predictors of AKI in COVID-19 patients. However, none of these studies has com-pared their
diagnostic effectiveness.

This study aimed to assess the incidence of proximal tubular dysfunction and AKI in COVID-
19 patients and the effectiveness of urinary biomarkers, including tubular param-eters,
NGAL, and [TIMP-2]+[IGFBP7], in predicting COVID-19-associated AKI in ICU patients.

Patients and methods

Study design and settings

This single-center observational cohort study was conducted at the Intensive Care Medicine
Department of Montpellier University Hospital. Investigators prospectively collected clin-ical
and biological data for all consecutive critically ill COVID-19 patients admitted to the ICU
from 9 March 2020 to 3 May 2020.

Patients were followed up until hospital discharge, then data were analyzed retrospectively.
Patients

All consecutive adult patients who were hospitalized during the study period were screened
for ICU admission. SARS-CoV-2 pneumonia was confirmed by RT-PCR on nasopharyngeal
swabs or bronchoalveolar lavage, combined with suggestive abnormalities on chest
radiography or CT-scan. Patients aged <18-year-old or pregnant and those with suspected
COVID-19 not confirmed by SARS-CoV-2 RT-PCR were excluded. Patients on maintenance
dialysis, those with stage 4-5 chronic kidney disease [14] at admission, and those who did not
undergo urinalysis at admission were also excluded.

Data collection

Demographic and clinical data, including comorbidities, were collected, and the Charlson
Comorbidity Index was calculated [15]. Disease severity was assessed using the Simplified
Acute Physiology Score (SAPS) Il, and the worst oxygen arterial partial pressure to the
fraction of inspired oxygen ratio (PaO2/FiO2) 24 h after ICU admission was calculated
[16,17].



Blood and urine samples were collected upon ICU admission. Samples were immediately
processed, except for urinary NGAL, TIMP-2, IGFBP7, and amino acids, which were further
processed on urinary samples frozen at —20C.

Almost all chemical lab measurements, including the NGAL test, were performed on a Cobas
8000 instrument using the e802, c¢702, and c¢502 modules (Roche Diagnostics, Meylan,
France). Plasma creatinine was measured by an isotope dilution mass spectrometry (IDMS)
traceable enzymatic method on Cobas 8000 instrument.

Urine TIMP-2 and IGFBP7 levels were measured using a Vitros® 3600 Immunodiagnostic
System (Ortho Clinical Diagnostics, Rochester, NY, USA) on urine samples of at least 100
pL. The TIMP-2 and IGFBP7 product ([TIMP-2]<[IGFBP7]), also known as NephroCheck®
score, was calculated according to the formula: ([TIMP-2] x [IGFBP7])/1000.

Amino acids in the urine samples were quantified by ultra-high-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS) on an Acquity UPLC system
coupled to a XevoTQD (Waters Corporation, Milford, MA, USA). lon-pairing
chromatography was performed on a BEH C18 1.7 um column (Waters®) at a flow rate of
0.65 mL/min using mobile phases containing tridecafluoroheptanoic acid (Sigma-Aldrich, St.
® Louis, Missouri, USA) and Sigma® calibrators. The amino acid concentration in the urine
was normalized to urine creatinine (in mmol/L) and compared to the values of normal
subjects (N = 80, without tubulopathy, or COVID-19).

The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula was used to
estimate glomerular filtration rate (GFR) [18]. The renal phosphate threshold/GFR
(TmP/GFR) ratio was calculated as follows [19]: (i) calculation of the renal tubular
reabsorption of phosphate (RTP) using the following formula: RTP = 1-[phosphate
clearance/creatinine clearance] x 100, and (ii) if RTP <0.86: TmPi/GFR = RTP X serum
phosphate (mmol/L) and RTP >0.86: TmPi/GFR = 0.3 x RTP/[1-(0.8 x RTP)] x serum
phosphate (mmol/L).

Definitions

Proximal tubular dysfunction was defined as the association of at least two of the following
Six criteria:

* urinary protein/creatinine ratio >0.2 g/g with urinary albumin to protein ratio <0.5;
e amino acids in the urines;
« urinary levels of B2-microglobulin > 0.3 mg/L [20];

* hypouricemia (serum uric acid level <220 umol/L in male and <184 pumol/L in female) with
inappropriate uricosuria (fractional excretion of uric acid >10%)

* hypophosphatemia (serum phosphate level <0.81 mmol/L) with inappropriate phosphaturia
(fractional excretion of phosphate >20%) or renal phosphate leak (TmP/GFR <0.77 mmol/L

[21]);



* normoglycemic glycosuria (glycosuria >0.15 g/L and glycemia <1.80 g/L).AKI was defined
according to the 2012 Kidney Disease: Improving Global Outcomes (KDIGO) clinical
practice guide-lines [22].

All patients were classified on day seven after ICU admission.

Baseline serum creatinine level was defined as the usual value of serum creatinine level
preceding admission within at least 7 days.

Persistent AKI was defined as a steady or higher AKI KDIGO stage and/or persistence of
oliguria after day 2 of AKI onset [23].

Outcomes

Hospital and ICU lengths of stay were recorded. Vital status at ICU and hospital discharge
were collected, and mortality rates were calculated.

Statistical analysis

Categorical data were described as numbers and percentages and continuous data as medians
with the 25th and 75th per-centiles (interquartile range: 1QR). Patients were divided into two
groups: those with and without AKI. Categorical variables were compared using the Chi-
square or Fisher’s exact test, and continuous variables were compared using Student’s t-test or
Wilcoxon’s rank-sum test, as appropriate.

The sensitivity, specificity, positive predictive value (PPV), and negative predictive value
(NPV) for AKI prediction were calculated, and receiver operating characteristic (ROC) curves
were plotted for proximal tubular dysfunction, [TIMP-2]¢[IGFBP7], and urinary NAGL. The
area under the ROC curve (AUC) for AKI prediction was calculated. Optimal cutoff values
were estimated by maximizing the Youden index. The same calculations were performed for
biomarkers of persistent AKI.

The population was then divided into groups according to the cutoff value for each biomarker.
Cumulative incidence curves of AKI and persistent AKI were obtained using the Kaplan—
Meier method and compared using the log-rank test.

Factors associated with AKI (and persistent AKI) were assessed using univariate and
multivariate Cox regression models. A conditional stepwise regression with 0.1 a critical p-
value in the univariate analysis for entry into the multivariable analysis was performed to
select the most informative variables. In the case of interactions and correlations between the
explanatory variables, only the most clinically relevant variables were included in the final
model (for example, we found an interaction between norepinephrine requirements, invasive
mechanical ventilation requirements, and SAPSII. Therefore, we included SAPS Il in the
model because it reflects both the severity of respiratory and hemodynamic failure). In the
case of skewed distributions, biomarker values were log-transformed before modeling. The
proportional hazard assumption was assessed by inspecting scaled Schoenfeld residuals. The
results of the Cox regression models are reported as HR or aHR with 95%CI.



All tests were two-sided, and a p-value less than 0.05 was considered statistically significant.
The R software version 4.2.0 (The R Foundation for Statistical Computing, Vienna, Austria)
was used for the analyses.

Ethics

The Institutional Review Board of Montpellier University Hospital approved the study
protocol (IRB-MTP_2020 05 202000482, date of approval: 20/05/2020) and waived the
need for signed patient consent. The study protocol was registered at clinicaltri-als.gov
(NCT04393428), and the study was conducted in accordance with the Declaration of
Helsinki.

Results
Patients

Among 170 patients admitted to the ICU during the study period, 77 had a proven COVID-19,
and 60 (45 males, 75%) were included in the study (Figure 1). The characteristics of the study
population at ICU admission and during COVID-19 management are shown in Table 1. The
median age and BMI were 63-year-old (IQR: 55-74) and 25.7 kg/m2 (IQR: 23.3, 30.8),
respectively, and the median Charlson index was 2 (IQR: 1-4). Importantly, 9 (15%) patients
were followed up for chronic kidney disease, and 23 (38%) received a nephrotoxic drug
before or immediately after ICU admission.

During the first 24 h of ICU stay, the median SAPS Il and worst PaO2/FiO2 were 34 (IQR:
22, 47) and 120 mmHg (IQR: 80, 172), respectively. All patients received oxygen support,
and almost half (29 patients, 48%) were intubated and mechanically ventilated. More than
half of the patients (n = 33, 55%) required vasopressors. All patients who required
vasopressors were mechanically ventilated and received a low dose (<1 pg/kg/min) of
norepinephrine, except for two with septic shock. The median daily urine output was 800 mL
(IQR: 600-1100 mL).

At ICU admission, the median C-reactive protein (CRP) level and lymphocyte count were 136
mg/L (IQR: 67, 215) and 870 cells/mm3 (IQR: 570, 885), respectively. The median serum
creatinine levels at admission and at baseline were 81 umol/L (IQR: 59, 103) and 74 umol/L
(IQR: 57, 79), respectively.

Proximal tubular dysfunction was diagnosed in 29 COVID-19 patients (48%) upon ICU
admission. Most patients had partial Fanconi syndrome, as only 3 (5%) presented with 6/6
features of proximal tubular dysfunction on urinalyses and 8 (13%) with 5. The median values
of urinary NGAL and [TIMP-2]¢[IGFBP7] were 56 ng/mL (IQR:50-88) and 0.73 (IQR:0.32,
1.59), respectively (Table 1).

Features of ICU admission urinalyses are summarized in Figure 2.

During the ICU stay, more than half of the patients (33 patients, 55%) developed AKI
according to the 2012 KDIGO classification. Among them, 20 patients (33%) developed
persistent AKI, KDIGO stage 1 in 2 patients (10%), stage 2 in 7 (35%), and stage 3 in 11
(55%); renal replacement therapy (RRT) was initiated in 6 patients (18%) (Figure 1).
Interestingly, of the 27 patients without AKI, 11 had elevated NGAL, 11 had elevated [TIMP-
2]-[IGFBP7] and 13 had PTD.



The risks for AKI and persistent AKI were estimated at 55.7% (confidence interval at
95%:95%CI: 41.0 — 66.6) and 33.3% (95%CI: 20.3 — 44.3), respectively (Figure 3).

Patients admitted to the
Medical Intensive Care Department
of Montpellier University Hospital
between March 9%, 2020, to May 31, 2020
(N = 170)

Patients excluded (N = 110):
Ak SARS-CoV-2 RT-PCR negative: 93
- maintenance dialysis: 3
- no urinalysis at admission: 14

Patients included (N = 60):
Patients with confirmed critical
COVID-19

P

AKI (N = 33);

A A Y
Persistent AKI (N=20) Transient AKI (N=13) I | No AKI (N=27)
KDIGO stage 1: 2
KDIGO stage 2: 7
KDIGO stage 3: 11
Including 6 on RRT

Flgure 1. Flow chart of the study population. AKI: acute kidney injury, KDIGO: kidney disease: improving global outcomes; RRT: renal replacement
therapy.

Outcomes

The median lengths of stay in the ICU and hospital were 9 days (IQR: 6, 15) and 12 days
(IQR: 8, 23), respectively. Thirty-three patients (22%) died during the hospital stay, and
among those discharged alive, 5 patients (8%) still required RRT.

Urinalysis for AKI and persistent AKI prediction

At ICU admission, the AUCs for AKI prediction of NGAL, [TIMP-2]¢[IGFBP7], and
proximal tubular dysfunction were 0.619 (95%CI: 0.479 — 0.759), 0.593 (95% CI: 0.445 —
0.740), and 0.470 (95%CI: 0.325 — 0.614), respectively. The AUCs for persistent AKI
prediction for these three biomarkers were 0.681 (95%CI: 0.535 — 0.826), 0.569 (95%CI:
0.405 — 0.733), and 0.547 (95%CI: 0.395 — 0.699), respectively.



ROC curves are displayed in Figure 4, and Table 2 summarizes the effectiveness of the
biomarkers of kidney stress, kidney damage, and proximal tubular dysfunction in predicting
AKI and persistent AKI.

Urinary NGAL had the highest sensitivity (66.7%) and NPV (59.3%) for AKI prediction.
[TIMP-2]+[IGFBP7] had the highest PPV (67.7%), whereas the presence of four or more
signs of proximal tubular dysfunction had the highest specificity (96.3%) for AKI prediction
(Appendix Al).

In addition, proximal tubular dysfunction showed the highest sensitivity (85.0%) for persistent
AKI prediction but the lowest specificity (33.5%). In contrast, NGAL showed the highest
specificity (67.5%) and sensitivity (65%). The NPVs ranged from 76.7 to 85.7%, while all
factors had low PPVs (<50%) for predicting persistent AKI.

Interestingly, only urinary NGAL was able to discriminate between patients with AKI and
persistent AKI on day 7 (p = 0.02 and p = 0.03, respectively) (Figure 5). On the contrary, the
incidence of AKI events was not significantly different in patients with [TIMP-2]¢<[IGFBP7] >
0.7 (p = 0.08 and p = 0.2), in those who presented with proximal tubular dysfunction (p = 0.7
and p = 0.6), or with a urine protein/creatinine ratio (UPCR) >50 mg/g (p = 0.4 and p = 0.6)
(Appendices A2-A5).

Factors associated with AKI and persistent AKI

In the univariate analysis patients with AKI had higher value of BMI (hazard ratio: HR =
1.06, 95%CI: 1 — 1.13, p = 0.034), baseline creatinine (HR = 1.02, 95%CI: 1.01 — 1.03, p =
0.003), Charlson index (HR = 1.15, 95%CI: 1.03 — 1.29, p = 0.011), and SAPS II (HR = 1.04,
95%CI: 1.03 — 1.06, p < 0.001), and lower PaO2/FiO2 ratio (HR = 0.99, 95%CI: 0.982 —
0.996, p = 0.002) and lymphocyte count (HR = 0.06, 95%CI: 0.01 — 0.31, p < 0.001), and
history of chronic kidney disease (HR = 3.99, 95%CI: 1.77 — 8.99, p < 0.001). Moreover, AKI
was associated with the need for invasive mechanical ventilation (HR = 4.09, 95%CI: 1.88 —
8.88, p < 0.001) or norepinephrine (HR = 2.79, 95%CI: 1.76 — 4.42, p < 0.001). Importantly,
NGAL levels >53 ng/mL were associated with AKI (HR = 2.27, 95%CI: 1.10 — 4.69, p =
0.027), whereas [TIMP-2]¢[IGFBP7] (HR = 1.89, 95%CI: 0.927 — 3.85, p = 0.08) were not.

The variables associated with persistent AKI in the univariate analysis were similar to those
associated with AKI. However, we found that AKI was independently associated only with
higher SAPS 11 (adjusted HR: aHR = 1.04, 95%CI: 1.01-1.06, p = 0.005) and higher BMI
(aHR =1.07, 95%Cl: 1.00-1.14, p = 0.04) by multivariable analysis.

In the multivariable analysis, only higher SAPS Il (aHR = 1.03, 95%CI: 1.00-1.06, p = 0.048)
and nephrotoxic treatment before ICU admission (aHR = 3.88, 95%CI: 1.20-12.5, p = 0.02)
were associated with persistent AKI.



Table 1. Characteristics of the study population and COVID-19 management.

Characteristic NIl (N=60P AKI (N=33F No AKI (N=27p p-Value®
Age (years) 63 (55, 74) 66 (55, 75) 62 (54, 68) 0.2
Sex (male) 45 (75%) 25 (76%) 20 (74%) 09
Body mass Index (kg/m’) 25.7 (233, 30.8) 278 (24.2, 31.1) 245 (213, 29.2) 0.054
Medical history
Hypertension 26 (43%) 18 (55%) 8 (30%) 0.053
Cardiovascular disease 20 (33%) 13 (39%) 7 (26%) 0.3
Diabetes 19 (32%) 12 (36%) 7 (26%) 04
Chronkc kidney disease 9 (15%) 8 (24%) 1(4%) 0.033*
Baseline creatinine, pmol/l 74 (57, 90) 81 (57, 97) 65 (55, 87) 0.14
Charlson Index 2(1,4) 3(1,5 20,2 0.022*
Nephrotoxic medication 19 (32%) 11 (33%) 8 (30%) 08
Anglotensin converting enzyme Inhibitors 14 (23%) 7 (21%) 7 (26%) 0.7
Anglotensin [ receptor blocker 5 (8%) 4 (12%) 1(4%) 04
COVIN-19 features at ICU admission
lymphocytes, G/| 087 (057, 1.09) 0.73 (0.52, 0.97) 0.99 (0.82, 1.16) 0.007*
D-dimer, U 864 (540, 1,530) 890 (572, 1,751) 779 (526, 1,174) 06
C-reactive protein, mg/l 136 (67, 215) 152 (105, 214) 97 (45, 209) 0.1
L actate, mmol/l 1.35 (1.08, 1.80) 1.20 (0.98, 1.73) 1.55 (1.30, 2.03) 0.13
Creatinine, pmol/l 80 (59, 124) 96 (65, 172) 74 (58, 90) 0.040"
Urine output In the first 24h, ml 800 (600, 1,100) 800 (700, 1,100) 900 (600, 1,050) 09
UPCR, mg/g 50 (27, 92) 61 (36, 108) 45(22,73) 0.074
UPCR =50ma/g 30 (50%) 19 (58%) 11 (41%) 0.2
Proximal tubular dysfunction 29 (48%) 16 (48%) 13 (48%) =09
Urinary NGAL, ng/ml 56 (50, 88) 67 (50, 117) 50 (50, 66) 0.1
Urinary NGAL =53ng/ml 33 (55%) 22 (67%) 11 (41%) 0.045*
[TIMP-2)+{IGFBP7) 0.74 (0.32, 1.59) 0.91 (0.35, 1.78) 051 {027, 1.21) 0.2
[TIMP-2}+{IGFBP7] = 0.7 32 (53%) 21 (64%) 11 (41%) 0.077
Disease severity within 24h ICU
SAPS I 34 (22, 46) 42 (34, 49) 21 (17, 30) <0.001*
Pa0,/FI0, 120 (80, 172) 90 (75, 119) 167 (135, 211) <0.001*
COVID-19 management
Invasive mechanical ventilation 29 (48%) 24 (73%) S (19%) <0.001*
Prone positioning 11 (18%) 10 (30%) 1 (4%) 0.016"
FCMO 2 (33%) 2 (6.1%) 0 (0%) 0.5
Noreplnephrine 26 (43%) 23 (70%%) 3 (11%) <0.001*
Renal replacement therapy 6 (10%) 6 (18%) 0 (0%) 0.028*
Nephrotoxic during ICU stay 10 (17%) 5 (15%) 5 (19%) 0.4
Change In serum creatinine
From baseline to maximum, pmol/l 80,12 43 (27,124 11 (=20, 25) <0.001*
From baseline to discharge, pmol/l -1 (16, 4) 14 (5, 46) 1(-18,21) 0.062
ICU length of stay 9 (6, 14) 10 (6, 18) 7 (4, 10) 0.059
Hospital length of stay 12 (8, 23) 17 (10, 26) 10 (8, 14) 0.035*
Mortality 13 (229%) 9 (27%) 4 (15%) 0.2

Median and Interquartile range (IQR); number of patients (M) and percentage (%); *Wilcoxon rank sum exact test; Pearson's chi-squared test; Wilcoxon rank
sum test: Fisher’s exact test; *Significant p-Value. [TIMP-2){IGFBP7] was calculated as [TIMP-2]x [IGFBP7)/1000. FCMO: extracorporeal membrane oxygen-
ator; ICU: Intensive care unit; IGFPB7: Insulin-like growth factor binding proteln 7; NGAL: neutrophil gelatinase-assoclated lipocalin, Pa02/R02: axygen
arterlal partial pressure to the fraction of Insplred oxygen ratlo; PEEP: positive end-explratory pressure; SAPS Il: simplified acute physiology score I
TIMP-2: tissue Inhibitor of metalloproteinases 2: UPCR: urine protein/creatinine ratio.

The results of univariate and multivariable analyses are presented in Table 3.

Discussion

Here, we report the results of a cohort study including 60 critically ill patients with COVID-
19, showing that 48% presented with proximal tubular dysfunction, 55% had AKI, and 33%
had persistent AKI. In patients with COVID-19, urinary NGAL on ICU admission had a
better effectiveness in predicting AKI and persistent AKI on day 7 than [TIMP-2]+[IGFBP7]
and proximal tubular dysfunction. However, multivariable analyses showed that only
increased SAPS Il and BMI and use of angiotensin-converting enzyme inhibitors (ACEI) or



angiotensin Il receptor blockers (ARB) were independently associated with AKI or persistent
AKI.

AKI

UPCR>0.2 g/ g with UAPR <05

Aminoacduria

Up2M >0.30 mg/ L

Hy pouricemia with inappropriate uricosuria

Hy pophosphatemia with inappropriate phosphaturia
Normoglycemic ghices uria

[TIMP-2]#[IGFPB7] 20,7

NCAL =53 ng/ mL

20% 40% 6% 80ry 100%

Figure 2. Prevalence (%) of acute kidney Injury (AKI), proximal tubular dysfunction features, and elevated level of Kidney stress blomarkers ([TIMP-2J[IGFBP7])
and kidney damage blomarker (NGAL) In urine of COVID-19 patients at ICU admisslon. IGFPB7: Insulin ke growth factor binding proteln 7; NGAL: neutro-
phil gelatinase-assoclated lipocalin; TIMP2: tissue Inhibitor of metalloprotelnases 2,
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Table 2. Diagnostic effectiveness of urinary blomarkers for acute kidney
Injury (AKI) and persistent AKI In critical COVID-19 patients,

Se Sp PV NN
Characterstic (% (% O () AUIC 95%d

AKI

NGAL (=53ng/ml) 667 593 667 593 0619 0479-0759
(TIMP-2{IGFBP7] 636 630 677 586 0503 0445-0.740
(=07)

Proximal tubular 485 516 552 452 0470 0325-0614
dysfunction
Persistent AK|

NGAL (-60ng/ml) 650 675 500 794 0681 0.535-0826
[TIMP-2{IGFBP7| 650 575 433 767 0569 0405-0733
(=0.7)

Proximal tubular 850 325 386 813 0547 0395-0699
dysfunction
95% CI: confidence Interval at 95%; AUC: area under the recelver operating
curve; IGFPB?: Insulin-like growth factor binding protein 7; NPV: negative
predictive value; PPV: positive predictive value; Se: sensitivity; Sp: speck
ficity; TIMP-2: tissue Inhibitor of metalloprotelnases 2; NGAL: neutrophil
gelatinase-associated Hpocalin; [TIMP-2}+(IGFBP7] was calculated as fol-
lows: [TIMP-2] x [IGFBP7}/1000.




A <= NGAL <51 == NGAL 3% (npiml) B NGAL<f) == NGAL €0 (spml )

50%
B0%
0%
g 0% g 30% S—
2 e e
2 =
2 2
2 E 20%
S AR ok = Persastent AK nisk
= 2% = ‘ ol
P 10% -
o S—— 0%
1 2 3 4 5 5 7 1 2 3 4 5 6 7
Time (days) Time (days)
Number at risk Number at risk
27 24 18 16 16 18 16 33 30 Pl 26 26 28 28
3 20 13 11 1 1 1 27 19 17 15 15 15 15
2 3 a 5 G 7 1 2 3 4 5 [ 7
Time (days) Time (days)

Hgure 5. Cumulative incidence of: (A) acute kidney Injury (AKI) and (B) persistent AKI In COVID-19 patients according to cutoff values of urlnary neutrophil
gelatinase-assoclated lipocalin (NGAL).

Table 3. Factors assoclated with acute kidney Injury (AKI) and persistent AKI.

Univartate analysis Multivariable analysis
Characteristic HR 95%C pValue aHR 95%C1 pValue
AKI
BMI (kg/m?) 106 1.00-1.13 0034* 107 1.00-1.14 00n*
Charlson Index (/polnt) 115 1.03-1.29 0m* 1.01 08/-1.16 095
SAPS Il (/point) 1™ 1.03-1.06 <0.001* 1M 1.02-1.06 0.001*
Lymphocyte count (log 100 cells/mm?) 0.06 0.01-0.31 <0.001* 047 0,09-2.52 0.38
NGAL =53 ng/mlL 221 1.10-4.69 0.027* 1.24 0.54-285 061
[TIMP-2J-[IGF8P 7] 207 122 0.55-268 0.08 126 0.57-2.78 0.57
Persistent AKI
Nephrotoxic medication 254 1.06-6,11 0.04° 388 1.20-12.5 002"
Charlson Index (/polnt) 128 113-146 <0.001* 109 0.90-1.32 040
SAPS Il (/point) 1™ 1,02-1.06 <0.001* 1M 1.00-1.07 0.048"
Lymphocyte count (log 100 cells/mm?) 0.06 001-0.28 0.002" 033 0.03-3.26 035
NGAL =60 ng/mL 2N 1,08-6.79 0.03* 1.15 0.40-3.25 0.80
[TIMP-2JIGF 8P 7] 20,7 173 069-4.33 0.24

*Statistically significant, 95% Cl: confidence Interval at 95%; aHR: adjusted hazard ratio; BML body mass Index; HR: hazard ratlo; IGEPBZ: Insulin-like growth
factor binding proteln 7; NGAL: neutrophll gefatinase-assodated Nipocalln; SAPS: simpliied acute physiology score; TIMP-2: tissue Inhibltor of metallopro
telnases 2. Nephrotoxic medication Induded anglotensin-converting enzyme Inhibitors (ACLI) or anglotensin If receplor blockers (ARB) before ICU admis
slon, [1IMP-2){IGFBP7] was Galculated as [TIMP-2] X [IGFBP7}/1000,

At the beginning of the pandemic, proteinuria, hematuria, and leukocyturia have been
investigated as biomarkers for the early recognition of COVID-19-associated AKI [8, p.19],
and proteinuria has been reported to be the most interesting [24-26]. However, its
effectiveness in diagnosing COVID-19-associated AKI remains controversial because most
patients infected with SARS-CoV-2 have proteinuria [24,27]. A specific kidney proximal
tubular dysfunction (Fanconi syndrome) associated with SARS-CoV-2 infection has been
reported to be the primum movens of COVID-19 associated AKI [7] and is associated with
poor prognosis [6]. In accordance with previous studies [5-7], approximately half of our
patients had Fanconi syndrome; however, its occurrence poorly predicted AKI and persistent
AKI. Like HIV, SARS-CoV-2 attacks the kidney in different ways [28]. Different patterns
have been reported: (i) nephrotic proteinuria suggestive of COVID-19-associated nephropathy
(COVAN), (ii) acute glomerular injury with non-nephrotic proteinuria, and (iii) acute tubular



injury associated with tubular proteinuria related to proximal tubulopathy [4,24]. Alterations
in renal function may be associated with any of these clinical profiles.

The use of kidney stress and damage biomarkers as predictors of COVID-19-associated AKI
has been suggested previously [9-13]. This increase may reflect acute tubule injury that
precedes loss of renal function [29]. Two studies [12,13] assessing [TIMP-2]-[IGFBP7] for
the early recognition of COVID-19-associated AKI reported conflicting results. Husain-Syed
et al. [13] found that higher levels of [TIMP-2]s[IGFBP7] were associated with worse
outcomes (need for RRT and death). Casas-Aparicio et al. [12] have reported the effectiveness
of [TIMP-2]¢[IGFBP7] in predicting COVID-19-associated AKI. However, our results
demonstrated the effectiveness of NGAL in predicting early COVID-19-associated AKI [9—
12] and that NGAL outperformed [TIMP-2]¢[IGFBP7] [12]. NGAL has also been reported as
a prognostic factor for RRT requirement and death in COVID-19 patients [11,12,30]. Of note,
our NGAL threshold of 53 ng/mL is in line with those reported previously (45 ng/mL) using
an enzyme-linked immunosorbent assay (ELISA) [9,12], whereas thresholds of 118.8 or 150
ng/mL have been reported using NGAL dipstick [9,10,30].

In our patients, the occurrence of AKI was independently associated only with BMI [31],
ACEI or ARB use [32,33], and most importantly with COVID-19 severity [34,35] whereas
elevation of tubular injury biomarkers was associated with AKI only in univariate analysis.
Indeed, NGAL elevation is most likely related to the activation of the immune system [36]
explaining that urinary biomarkers, including NGAL, are not independently associated with
AKI [9-12,30]. In the same vein, there is an association between elevated NGAL and
mortality in COVID-19 patients, confirming its link with inflammation and severity [9,10]
and also the role of inflammation in the development of AKI [37,38].

Our observations corroborate the existence of a continuum in the spectrum of COVID-19
associated AKI [4,24,39]. Indeed, some patients may present only subclinical AKI syndrome
characterized by significant tubule injury (particularly, changes in the protein endocytosis
machinery in proximal tubule epithelial cells) without changes in the glomerular filtration rate
[12,37,40,41] while others may exhibit AKI related to various mechanisms [4,24,39]. This
approach may explain why we found that proximal tubular dysfunction was

a sensitive marker for detecting persistent AKI, but its specificity was relatively low and,
conversely, it appeared less sensitive for identifying transient AKI. In contrast, biomarkers of
kidney damage, particularly NGAL, more clearly signified renal aggression, whatever the
cause, likely to lead to AKI, and consequently its performance in predicting such cases was
better. Thus, our results and those of others [12,37,40,41] suggest to use urinary biomarkers to
better define renal involvement in COVID-19, reflecting the heterogeneity in the clinical
presentation and severity and including subclinical AKI which concerned almost 20% of our
cohort.

Our study had some limitations. First, our conclusions were limited by the relatively small
cohort size. Despite its prospective design, urinalyses were performed at the physician’s
discretion, and urine samples were not collected from 14 patients. Moreover, the monocentric
design of the study could limit the generalizability of the results. Second, our data were



collected during the first wave of the pandemic; consequently, our results should not be
generalized to patients infected with novel SARS-CoV-2 variants [2]. Finally, interesting
factors such as biomarkers of tubular function, Cystatin C (CysC) [36,42], liver-type fatty
acid-binding protein (L-FABP) and al-Microglobulin (a1M) [43] were not included in our
analyses. Similarly, the combination of biomarkers with quantification of lung damage on
chest CT [10] or with Doppler measurement of the renal resistive index [44,45] are promising
tools that were not investigated in our study. They may help build more informative models
for COVID-19-associated AKI, which is a complex phenomenon involving many mechanisms
[34].

In conclusion, kidney proximal tubular dysfunction, AKI, and persistent AKI are common
complications in critically ill COVID-19 patients. Disease severity, higher BMI, and use of
ACEI or ARBs before ICU admission were independently associated with COVID-19-
associated AKI. Comparing various uri-nary biomarkers, including proximal tubular
dysfunction and [TIMP-2]¢[IGFBP7], NGAL had the best predictive effectiveness for AKI
and persistent AKI associated with COVID-19.Early detection of COVID-19-associated AKI
cannot be approached in a ‘one-size-fits-all” manner because of its complex pathophysiology.
However, urinary NGAL levels may help physicians diagnose AKI early in combination with
clinical information. Further larger multicenter studies are needed to confirm our findings.
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Appendix A: Acute kidney Injury In critical COVID-19 patients: usefulness of urinary biomarkers
and kidney proximal tubulopathy

Romaric Larcher, Anne-Sophie Bargnoux, Stephanie Badiou, Noemie Besnard, Vincent Brunot, Delphine Daubin, Laura Platon, Racim Benomar,
Matthieu Amalric, Anne-Marie Dupuy, Kada Klouche and Jean-Paul Cristol

Appendix A1. Features of kidney proximal tubule dysfunction In patients with and without acute kidney Injury (AKI)

Characteristic No AKI, N=27* AKl, N=33¢ Overall, N=60* p-Value®
UPCR >0.2g/g with UAPR <0.5 1 (3.7%) 3 (9.1%) 4 (6.7%) 06
Aminoaciduria 13 (48%) 12 (36%) 25 (42%) 04
UB2M >0.30mg/l 2 (7.4%) 6 (18%) 8 (13%) 03
Hypouricemia with Inappropriate uricosuria 6 (22%) 2 (6.1%) 8 (13%) 0.12
Hypophosphatemia with Inappropriate 8 (30%) 7 (21%) 15 (25%) 05
phosphaturia
Normoglycemic glucosuria 14 (52%) 20 (61%) 34 (57%) 05

n (%); Median (IQR); "Pearson’s Chi-squared test: Fisher's exact test; Wilcoxon rank sum test,
UAPR: wrinary albumin to protein ratio; UPCR: urinary protein to creatinine ratio; UB2M: urinary B2-microglobulin.



Appendix A2. Cumulative Incidence of acute kidney Injury (AK)) and persistent AKI In COVID-19 patlents according to cutoff values NephroChedk®* (NCK)
score ([TIMP-2][IGFBP7}/1000), presence or absence of proximal tubulopathy (PT) and cutoff value of urinary protein/creatinine ratio (UPCR). IGFPBZ: Insulln

like growth factor binding proteln 7. TIMP2: tissue Inhibitor of metalloprotelnases 2
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Appendlx A3, Diagnostic effectiveness of urinary proteln/creatinine ratio (UPCR) for acute kidney Injury (AKJ) and persistent AKI In critical COVID-19 patients

(haracteristic Se (%) Sp %) PPV (%) NPV (%) AUC 95% (1
AKI

UPCR (=50mg/q) 741 576 588 131 0.635 0.491-0.779
Persistent AKI

UPCR (=50mg/q) 90.0 300 391 85.7 0.598 0.442-0.753

95% CI: confidence Interval at 95%; AUC: area under the receiver operating curve; NPV: negative predictive value; PPV: positive predictive value; UPCR:
protelnuria/creatininuria ratio.

Appendix A4. Kinetics of (A) mean urinary neutrophil gelatinase-assoclated lipocalin (NGAL) and (B) NephroCheck® (NCK) score ([TIMP-2J-[IGFBP7}/1000)
from day 1 to day 3 after ICU admission In COVID-19 patients with (blue dashed line) and without (orange line) acute kidney Injury (AKI) and kinetics of
(C) urinary NGAL and (D) NCK from day 1 to day 3 after ICU admission In COVID-19 patients with (blue dashed line) and without (orange line) persistent

AKL Bars represent standard deviations. IGFPB7: Insulin like growth factor binding protein 7. TIMP2: tissue Inhibltor of metalloprotelnases 2
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Appendix AS. Differences In kinetics of blomarkers In COVID-19 patients with and without acute kidney Injury (AKI) and persistent AKI

Characteristic No AKI, N=272 AKI, N33 Overall, N - 607 pValue®

[TIMP-2)-[IGFBP7] at day 1 051 (027, 1.21) 084 (0.35, 1.78) 0.73 (0.32, 1.59) 02

[TIMP-2)+[IGFBP7] at day 2 047 (029, 0.85) 067 (0.25, 1.27) 057 (0.26, 1.16) 06
Unknown 19 13 2

[TIMP-2)-[IGFBP7] at day 3 045 (0.45, 045) 092 (0,53, 1.75) 0.86 (0.47, 1.65) 06
Unknown 26 16 42

NGAL at day 1 50 (50, 64) 67 (50, 117) 56 (50, 88) 0,094

NGAL at day 2 64 (50, 122) 60 (50, 176) 60 (50, 176) 09
Unknown 19 13 32

NGAL at day 3 74 (74, 11) 87 (54, 163) 8 (57, 160) 0.7
Unknown 26 16 2

Median (IQR); "Wilcoxon rank sum test; Wilcoxon rank sum exact test. IGFPB7: Insulin lke growth factor binding protein 7; NGAL: neutrophil
gelatinase-associated lipocalin; TIMP-2: tissue Inhibitor of metalloproteinases 2; [TIMP-2)-{IGFBP7) represent the Nephrocheck” score calculated as follow:

[TIMP-2] X IGFBP7}/1000.



