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a b s t r a c t 

Background: Acute renal injury is an important complication of coronavirus disease 2019 (COVID-19). 

Both COVID-19-specific mechanisms, such as damage to the renal parenchyma by direct infection, and 

non-specific mechanisms, such as the pre-renal injury factors, have been proposed to be involved in 

COVID-19-associated renal injuries. In this study, we aimed to elucidate the characteristics of COVID- 

19-associated renal injuries, focusing mainly on urine sediment findings. 

Methods: We compared the urine sediment findings and their associations with renal functions or uri- 

nary clinical parameters between subjects with COVID-19 and subjects without COVID-19 with acute renal 

injuries. 

Results: We found that the number of urine sediment particles and the levels of N-acetyl- β-D- 

glucosaminidase, α1-microglobulin, liver type fatty acid-binding protein, and neutrophil gelatinase- 

associated lipocalin were associated with the severity of COVID-19. In addition, we observed that the 

number of granular casts, epithelial casts, waxy casts, and urinary chemical marker levels were lower in 

the subjects with COVID-19 than subjects without COVID-19 with acute renal injuries when the subjects 

were classified according to their renal function. 

Conclusions: These results suggest that pre-renal injury factors might be largely involved in the pathogen- 

esis of COVID-19-associated renal injuries compared with non-COVID-19-associated renal injuries arising 

from surgery or sepsis. 

© 2022 Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Coronavirus disease 2019 (COVID-19), which is caused by se- 

ere acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has 
Abbreviations: AKI, acute kidney injury; ACE2, angiotensin-converting enzyme 2; 

1-MG, α1-microglobulin; COVID-19, coronavirus disease 2019; L-FABP, liver type 

atty acid-binding protein; NAG, N-acetyl- β-D-glucosaminidase; NGAL, neutrophil 

elatinase-associated lipocalin; RTEs, renal tubular epithelial cells; SARS-CoV-2, se- 

ere acute respiratory syndrome coronavirus 2; TMPRSS2, transmembrane serine 

rotease 2. 
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apidly progressed into a global pandemic. Subjects with COVID- 

9 frequently develop pneumonia, which can lead to hypoxemic 

espiratory failure. Various additional complications can also oc- 

ur. Among them, patients with COVID-19 can suffer from renal 

omplications, especially acute kidney injury (AKI). AKI is a fre- 

uent complication in patients with critically severe COVID-19, and 

 meta-analysis report has shown that the average incidence of AKI 

as 11% among all subjects with COVID-19 and 23% among criti- 

ally ill patients ( Gabarre et al., 2020 ). As patients with COVID-19 

ith kidney disease reportedly have a higher risk of in-hospital 

eath ( Cheng et al., 2020 ), the early diagnosis of kidney injuries 

ight improve the prognosis. 
us Diseases. This is an open access article under the CC BY-NC-ND license 
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At present, the detailed mechanisms of COVID-19-associated re- 

al injuries have not been elucidated; although, several mech- 

nisms have been proposed. Angiotensin-converting enzyme 2 

ACE2) and transmembrane serine protease 2 (TMPRSS2), which 

re key proteins in the entry of SARS-CoV-2 into human cells 

 Hoffmann et al., 2020 ), are well expressed in podocytes and the 

roximal tubules in the kidney ( Pan et al., 2020 ), and SARS-CoV- 

 can directly infect and damage the kidney ( Yeung et al., 2016 ).

 recent study has shown that a high SARS-CoV-2 viral load is 

ssociated with renal complications and the severity of COVID-19 

 Caceres et al., 2021 ). Complications such as thrombosis and en- 

otheliitis are also frequently observed in subjects with COVID- 

9 ( Li et al., 2020 Shimura et al. 2021 ; Xiong et al., 2020 ;); the-

retically, such complications could lead to renal impairment. In 

ddition, other mechanisms not specific to COVID-19 have also 

een proposed. Mechanical ventilation due to acute lung failure 

 Vieillard-Baron et al., 2007 ), right heart failure due to myocar- 

ial infarction ( Bradley et al., 2020 , Edler et al., 2020 ) or my-

carditis ( Bradley et al., 2020 ), or rhabdomyolysis ( Gamboa et al., 

979 ), which can result in AKI ( Legrand et al., 2013 ), might

lso be involved in COVID-19-associated renal injuries. As both 

OVID-19-specific and nonspecific mechanisms are possible, com- 

aring urine parameters between patients with renal injuries 

aused by COVID-19 and those with renal injuries caused by 

ther diseases will be important for understanding the patho- 

hysiological conditions characteristic for COVID-19-associated re- 

al injuries. Until now, postmortem kidney pathologic examina- 

ions have revealed that the histologic degree of acute tubu- 

ar injury is less severe than that predicted based on the de- 

ree of creatinine elevation ( Santoriello et al., 2020 ), suggest- 

ng that COVID-19-associated renal injuries might possess unique 

haracteristics compared with non-COVID-19-associated renal 

njuries. 

Urinalysis and urine sediment examinations are the oldest and 

ost commonly performed tests for assessing the pathophysio- 

ogical condition of the kidney/urethral system. Urinalysis find- 

ngs such as proteinuria, hematuria, and leukocyturia are report- 

dly associated with COVID-19-associated renal injuries and the 

everity of COVID-19 ( Allemailem et al., 2021 Chan et al., 2020 ; 

iu et al., 2020 ; Ouahmi et al., 2021 ; Pei et al., 2020 ; Yang et al.,

020 ;), and several urinary chemical biomarkers such as N-acetyl- 

-D-glucosaminidase (NAG), α1-microglobulin ( α1-MG), and neu- 

rophil gelatinase-associated lipocalin (NGAL) have been proposed 

o be associated with AKI in hospitalized patients with COVID-19 

 Fukao et al., 2021 Huart et al., 2021 ; Husain-Syed et al., 2020 ;

uther et al., 2021 ;). However, the characteristics of the urine sed- 

ment findings related to COVID-19 have not yet been studied ad- 

quately. Until now, only one case report and one study have 

eported urine sediment findings in patients with COVID-19 and 

ave suggested the possible association between granular casts and 

he severity of COVID-19 ( Allemailem et al., 2021 , Fujimaru et al., 

020 ). In general, urine sediment findings can enable non-invasive 

stimates of the severity and/or cause of kidney injury. For exam- 

le, the presence of renal tubular epithelial cells (RTEs) and granu- 

ar casts is useful for differentiating between renal injury and pre- 

enal injury ( Perazella et al., 2008 ), and waxy casts are reportedly 

ssociated with renal failure ( Spinelli et al., 2013 ). 

Considering these backgrounds, urine sediment findings are ex- 

ected to be useful for the indirect evaluation of kidney injury lev- 

ls in subjects with COVID-19. Therefore, in the present study, we 

nvestigated the association between serum or urinary clinical pa- 

ameters and urine sediment findings among subjects with COVID- 

9 and subjects without COVID-19 to elucidate the characteristics 

f urine sediment tests and to estimate the underlying mecha- 

isms for COVID-19-associated renal injuries. 
303 
aterials and Methods 

ubjects 

Residual urine samples were collected from 88 subjects with 

OVID-19 (total: 279 samples; average: 3 samples per patient; 

ange: 1–16 samples) diagnosed using RT-PCR. The severity of 

OVID-19 was defined as follows: mild, did not require oxygen 

herapy; moderate, required oxygen therapy but not mechanical 

entilatory support; and severe, required mechanical ventilatory 

upport. We also collected urine samples from 78 subjects (total: 

47 samples; average: 2 samples per patient; range: 1–9 samples) 

ith acute renal injuries caused by non-COVID-19 factors, who 

ere admitted to an emergency or intensive care unit (ICU). Resid- 

al urine specimens were collected after routine laboratory testing, 

nd the supernatant was stored at -80 °C. The characteristics of the 

ubjects are described in Table 1 . 

The present study was performed in accordance with the eth- 

cal guidelines laid down in the Declaration of Helsinki. Written 

nformed consent for sample analysis was obtained from some of 

he patients. For the remaining participants from whom written 

nformed consent could not be obtained because they had been 

ischarged or transferred from the hospital, informed consent was 

btained in the form of an opt-out on a website, as follows. Pa- 

ients were informed about the study on the website, and those 

ho did not wish to be enrolled in the study were excluded. 

he study design was approved by the University of Tokyo Med- 

cal Research Center Ethics Committee, which waived the need for 

ritten informed consent when written informed consent could 

ot be obtained because archived specimens were used and all 

he data that were used in this retrospective study had been 

etrieved from medical records (3683, 3333-101, 3333-140, and 

020206NI). 

rinalysis 

The urine sediment examination was performed using manual 

icroscopy and complied with the Japanese Committee for Clin- 

cal Laboratory Standards (JCCLS). RTEs were counted per high- 

ower field of view (/HPF), and urinary casts were classified into 

yaline casts (HyaC), granular casts (GraC), epithelial casts (RTEC), 

nd waxy casts (WaxC) and their numbers were counted per 

hole field (/WF). For the measurement of urinary clinical mark- 

rs, we used the following reagents: urinary creatinine (uCr) was 

easured using an enzyme assay (L-type Wako CRE • M; FUJIFILM 

ako Pure Chemical, Osaka, Japan); total protein (TP) (Micro TP- 

est Wako; FUJIFILM Wako) was measured using the pyrogallol 

ed method; microalbumin (μAlb) (Auto Wako microalbumin; FU- 

IFILM Wako) was measured using a turbidimetric immunoassay 

TIA); NAG (Ltype Wako NAG; Wako, Japan) was measured using 

n enzyme assay; α1-MG (LZtest ‘Eiken’ α1-M; Eiken Chemical, 

apan) was measured using latex agglutination turbidimetry; liver 

ype fatty acid-binding protein (L-FABP) (NORUDIA L-FABP; SEK- 

SUI MEDICAL, Japan) was measured using latex agglutination tur- 

idimetry; and NGAL (U-NGAL Abbott; Abbott, Japan) was mea- 

ured using a chemiluminescence immunoassay (CLIA). Urinary 

pecific gravity (SG) was measured using automated urine chem- 

cal analyzer US-3500 (Eiken Chemical, Japan) and urinary sodium 

as measured using electrode method. The involvement of the 

re-renal injury was confirmed when the SG was 1.020 or higher 

r urine sodium was 20 mmol/L or lower, whereas the involvement 

f renal injury was estimated when the SG was 1.010 or lower or 

rine Na was 40 mmol/L or higher. 
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Table 1 

Clinical characteristics of subjects 

non-COVID-19 COVID-19 P value 

n (case) 147 (78) 279 (88) 

Age, in years 60.6 ±17.3 63.8 ±15.6 0.404 

Sex (M/F) 51/27 60/27 

serum creatinine, mg/dL (n) 1.69 ±1.71 (147) 0.95 ±0.49 (279) < 0.001 

eGFR, mL/min/1.73 m 

2 (n) 55.2 ±37.2 (147) 70.4 ±25.8 (279) < 0.001 

urine specific gravity 

> 1.020 15 24 0.860 

< 1.010 5 6 

1.010 - 1.020 41 56 

N/A 17 2 

urine sodium, mmol/L 

< 20 8 12 0.816 

> 40 43 62 

20-40 12 13 

N/A 15 1 

The severity of COVID-19 (Maximum stage during admission) 

Mild - 23 (26.1%) 

Moderate - 45 (51.1%) 

Severe - 20 (22.7%) 

Comorbidities 

Diabetes 13 (19.1%) 37 (43.5%) 

Hypertension 10 (14.7%) 52 (59.8%) 

Post-Surgery 24 (30.8%) - 

Cardiac surgery 7 (9.0%) - 

Others 17 (21.8%) - 

Sepsis 8 (10.3%) - 

Other comorbidities 

Infectious diseases 17 (21.8%) 

Bleeding 13 (19.1%) 

Drug-induced kidney injury 3 (3.8%) 

The severity of COVID-19 was defined as follows: mild, did not require oxygen therapy; moderate, required oxygen therapy but not me- 

chanical ventilatory support; and severe, required mechanical ventilatory support. 
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tatistical analysis 

The data analysis was performed using SPSS (Chicago, IL). The 

ruskal-Wallis test was used to compare the number of urine sed- 

ment particles and urinary markers according to the severity of 

he subjects with COVID-19. The chi-square test and the Mann- 

hitney U test was used to compare the urinary markers and the 

umbers of urine sediment particles between subjects with and 

hose without COVID-19, and the Spearman correlation test was 

sed to analyze the association between the urinary markers and 

he urine sediment particles among the subjects. Statistical signifi- 

ance was deemed as a P value < 0.05. 

esults 

he number of urine sediment particles and NAG, α1-MG, L-FABP, 

nd NGAL levels were associated with the severity of COVID-19 

First, we investigated the numbers of urine sediment particles 

nd the levels of urinary chemical markers according to the sever- 

ty of COVID-19 ( Figure 1 and 2 ). The RBC count was significantly

igher in the moderate and severe COVID-19 groups than in the 

ild group ( Figure 1 A). The numbers of HyaC and GraC were sig-

ificantly higher in the severe group than in the mild and moder- 

te groups ( Figure 1 D and E), and the RTEC was also significantly

igher in the severe group than in the moderate group ( Figure 1 F).

o significant association with COVID-19 severity was observed for 

he WBC and RTE counts ( Figure 1 B and C). Representative pic- 

ures of the urinary sediments in COVID-19 patients are shown 

n Figure 1 H-J. Regarding the urinary chemical markers, the NAG, 

1-MG, and L-FABP levels were significantly higher in the severe 

roup than in the mild and moderate groups, and they were also 

igher in the moderate group than in the mild group ( Figure 2 C-E).

GAL was significantly higher in the moderate and severe groups 
304 
han in the mild group ( Figure 2 F). No significant association with 

OVID-19 severity was observed for the urinary levels of total pro- 

ein and albumin ( Figure 2 A and B). The representative time course 

f the urinary sediment findings and chemical biomarkers in some 

ubjects with COVID-19, of whom the serial urine samples were 

vailable for analyses are shown in Figure S1. 

he number of granular casts was lower in subjects with COVID-19 

han in subjects without COVID-19 with impaired renal function 

Next, we compared the number of urine sediment particles be- 

ween the subjects with COVID-19 and subjects without COVID-19 

ith the specific levels of renal function because the renal function 

iffered significantly between the two groups ( Table 1 ) and should 

e considered as a potential confounding factor. We classified the 

ubjects according to the eGFR quartile (Q1, > 85.0; Q2, 60.0-85.0; 

3, 30.0-59.9; Q4, < 30.0 mL/min/1.73 m 

2 ) ( Figure 3 ), the sCr quar-

ile (Q1, < 0.70; Q2, 0.70-0.85; Q3, 0.86-1.33; Q4, > 1.33 mg/dL) (Fig- 

re S2), the urinary TP quartile (Q1, < 0.15; Q2, 0.15-0.30; Q3, 0.31- 

.00; Q4, > 1.00 g/gCr) (Figure S3), or the urinary NGAL quartile 

Q1, < 21.7; Q2, 21.7-47.0; Q3, 47.1-170.0; Q4, > 170.0 μg/gCr) (Fig- 

re S4). 

When we classified the subjects according to the eGFR quartile, 

he numbers of GraC in all the groups ( Figure 3 C) and the RTEC

nd WaxC in the Q2-Q4 groups ( Figure 3 D and E) were signifi-

antly lower in the subjects with COVID-19 than in those without 

OVID-19. Concordantly, when we classified the subjects according 

o the sCr quartile, the numbers of GraC in all the groups (Figure 

2C), the HyaC in the Q3 group (Figure S2B), and the RTEC and 

axC in the Q3 and Q4 groups (Figure S2D and E) were signifi- 

antly lower in the subjects with COVID-19 than in those without 

OVID-19. 

When we classified the subjects according to the urinary TP 

uartile, the HyaC in the Q2 and Q4 groups (Figure S3B), the GraC 
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Figure 1. Comparison of the number of urine sediment particles according to the severity of subjects with COVID-19. We compared the numbers of urine sediment particles 

according to the severity of subjects with COVID-19. (A) Red blood cells (RBCs), (B) white blood cells (WBCs), (C) renal tubular epithelial cells (RTE), (D) hyaline casts (HyaC), 

(E) granular casts (GraC), (F) epithelial casts (RTEC), and (G) waxy casts (WaxC) are shown. Images of a urine sediment examination are shown in H-K: renal tubular epithelial 

cells (H), hyaline casts (I), epithelial casts and granular casts (J), and granular casts and waxy casts (K). Image H, I, and J were obtained from subjects with COVID-19 and 

image K was obtained from a subject without COVID-19. 
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Figure 2. Comparison of urinary chemical markers according to the severity of subjects with COVID-19. We compared the levels of urinary markers according to the severity 

of subjects with COVID-19. (A) Total protein (TP), (B) microalbumin (μAlb), (C) N-acetyl- β-D-glucosaminidase (NAG), (D) α1-microglobulin ( α1-MG), (E) liver type fatty 

acid-binding protein (L-FABP), and (F) neutrophil gelatinase-associated lipocalin (NGAL) are shown. 
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Figure 3. Comparison of urinary RTEs and casts between subjects with COVID-19 and those without COVID-19 according to the eGFR quartile. We compared the numbers 

of urine sediment particles between the subjects with COVID-19 and those without COVID-19 according to the eGFR quartile: Q1, > 85.0; Q2, 60.0-85.0; Q3, 30.0-59.9; Q4, 

< 30.0 mL/min/1.73 m 

2 . (A) Renal tubular epithelial cells (RTE), (B) hyaline casts (HyaC), (C) granular casts (GraC), (D) epithelial casts (RTEC), and (E) waxy casts (WaxC) are 

shown. 
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n all the groups (Figure S3C), the RTEC in the Q2 and Q3 groups 

Figure S3D), and WaxC in the Q1, Q3, and Q4 groups (Figure S3E) 

howed lower numbers of particles in the subjects with COVID-19 

han in those without COVID-19. 

When we classified the subjects according to the urinary NGAL 

uartile, the numbers of RTE in the Q2 group (Figure S4A), the 

yaC in the Q3 group (Figure S4B), the GraC in all the groups (Fig-

re S4C), the RTEC in the Q2 and Q3 groups (Figure S4D), and the 

axC in the Q2-Q4 groups (Figure S4E) were lower in the subjects 

ith COVID-19 than in those without COVID-19. These results sug- 

ested that the urinary sediment findings might be milder in pa- 

ients with COVID-19-associated renal injuries than in those with 

on-COVID-19-associated renal injuries when adjusted according 

o renal function or urinary markers associated with renal injuries. 

rinary chemical markers were lower in subjects with COVID-19 than 

n subjects with COVID-19 with impaired renal function 

Next, we compared the levels of urinary chemical markers be- 

ween the subjects with COVID-19 and those without COVID-19 ac- 

ording to their renal function. When we classified the subjects 

ccording to the eGFR quartile, the urinary TP in the Q3 group 

 Figure 4 A), the μAlb in all the groups ( Figure 4 B), the NAG in

he Q1 and Q3 groups ( Figure 4 C), the L-FABP in the Q3 group

 Figure 4 E), and the NGAL in the Q3 group ( Figure 4 F) were sig-

ificantly lower in the subjects with COVID-19 than in the sub- 

ects without COVID-19. When we classified the subjects according 

o the sCr quartile, we found that the urinary TP was significantly 

ower in the subjects with COVID-19 than in the subjects without 

OVID-19 among the Q3 and Q4 groups (Figure S5A), the μAlb was 

ignificantly lower in all the groups (Figure S5B), the NAG was sig- 

ificantly lower in the Q1 and Q3 groups (Figure S5C), the L-FABP 

as significantly lower in the Q3 group (Figure S5E), and the NGAL 

as significantly lower in the Q1 group (Figure S5F). These results 

uggested that although the urinary proteins and urinary markers 

ssociated with renal tubular damages were also milder in patients 

ith COVID-19-associated renal injuries than in those with non- 

OVID-19-associated renal injuries, the difference seemed smaller 

han that for the urinary sediment findings. 

tratified analysis for the urine sediment particles and chemical 

arkers by diabetes or hypertension 

So far, we showed milder urine sediment findings and the lower 

hemical markers in the subjects with COVID-19 than subjects 

ithout COVID-19. As some comorbidities including diabetes and 

ypertension should influence the degree of renal injuries, we fur- 

her performed the stratified analyses for the urine sediment par- 

icles and the chemical biomarkers by the presence or absence of 

iabetes or hypertension between the subjects with and without 

OVID-19. After the stratified analyses by diabetes, the number of 

ranular casts, epithelial casts, waxy casts, and urinary levels of TP, 

Alb, NAG, α1-MG, L-FABP, and NGAL in the COVID-19 group were 

till significantly lower than the non-COVID-19 group regardless of 

he presence of diabetes (Table S1). After the stratified analyses by 

ypertension, the number of hyaline casts was lower in the sub- 

ects with hypertension and the number of granular casts, epithe- 

ial casts, waxy casts, and urinary levels of TP, μAlb, NAG, α1-MG, 

-FABP, and NGAL in COVID-19 group were still significantly lower 

han non-COVID-19 group regardless of the presence of hyperten- 

ion (Table S2). These results suggested that milder urine sediment 

ndings and lower urinary chemical biomarkers might be observed 

t least to some degree regardless of the presence of diabetes and 

ypertension. 
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iscussion 

In the present study, we investigated the association between 

rine sediment findings and clinical biomarkers that were indi- 

ators of kidney injury among the COVID-19 subjects to eluci- 

ate the characteristics of COVID-19-associated AKI. Our results 

emonstrated that the urine sediment particles as well as the 

rinary NAG, α1-MG, L-FABP, and NGAL levels were associated 

ith the severity of COVID-19 ( Figure 1 and 2 ). Until now, only 

 limited paper and a case report have proposed a potential as- 

ociation between granular casts and the severity of COVID-19 

 Allemailem et al., 2021 Fujimaru et al., 2020 ;). In the present 

tudy, we demonstrated in detail an association between the sever- 

ty of COVID-19 and urinary sediment findings, including HyaC and 

TEC as well as GraC for the first time. 

Regarding the association between urinary chemical markers 

nd the severity of COVID-19, the results of the present study were 

artially concordant with those of previous papers ( Fukao et al.; 

021 , Huart et al.; 2021 , Katagiri et al.; 2020 , Luther et al.,

021 Tantry et al., 2021 ;) except for the association between the 

rinary NAG levels and the severity of COVID-19, which was de- 

ied in a previous article ( Vogel et al., 2021 ). In contrast, we did

ot observe a significant association between the urinary protein 

evels and the severity of COVID-19, which has been shown in pre- 

ious studies ( Allemailem et al., 2021 Ouahmi et al., 2021 ;). Al- 

hough the reasons for these discrepancies remain unknown, the 

resent results suggested that urinary chemical markers might re- 

ect the severity of COVID-19 in a manner that is independent of 

he state of proteinuria. 

Considering that the numbers of urine sediment particles were 

ower in the COVID-19 subjects than in the non-COVID-19 sub- 

ects when we classified the subjects according to renal function 

r urinary biomarkers ( Figure 3 and S2-S4) and that the difference 

eemed smaller when we compared the urinary chemical mark- 

rs between the subjects with COVID-19 and the subjects with- 

ut COVID-19 when we classified the subjects according to renal 

unction ( Figure 4 and S5), the urinary sediment findings might 

e associated with COVID-19 to a greater degree than the urinary 

hemical markers. Considering the time course of some subjects 

ith severe COVID-19 as shown in Figure S1, although the urinary 

ediment findings were surely aggravated in the acute phase of 

OVID-19, the dynamics of urinary sediment findings in some sub- 

ects even with severe COVID-19 seemed rather mild. 

These results led us to two possible hypotheses: first, the de- 

ree of damage to the renal parenchyma caused by COVID-19 

ight be milder than that seen in subjects without COVID-19 

ith renal injuries; and second, subjects with COVID-19 may ex- 

ibit impaired kidney function even when the damage to the re- 

al parenchyma is relatively mild. Anyway, the involvement of pre- 

enal injury factors seemed to be larger in the COVID-19-associated 

enal injuries, as the urinary sediment findings, as well as the 

rinary chemical markers, should reflect the damage to the re- 

al parenchyma. In addition, as described in Table 1 , we observed 

o difference in urine SG (1.015 [1.005-1.035] versus 1.017 [1.005- 

.035]) or sodium (61.7 [7.4-202.0] mmol/L versus 71.0 [10.0-203.1] 

mol/L) between both groups (median [range], COVID-19 group 

ersus non-COVID-19 group). The causes of kidney injury among 

he subjects without COVID-19 in the present study were post- 

peration (cardiac surgery, transplantation) and sepsis. Other sub- 

ects without COVID-19 also had pre-renal causes, such as infec- 

ion (e.g., acute hepatitis and myocarditis) and bleeding (acute aor- 

ic dissection, cerebral hemorrhage, or trauma) ( Table 1 ). There- 

ore, the results that no difference was observed in urine SG or 

odium between the COVID-19 group and non-COVID-19 group in 

he present study might also support our hypothesis that the main 

echanism for COVID-19-associated renal injuries might be pre- 
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Figure 4. Comparison of urinary markers between subjects with COVID-19 and those without COVID-19 according to the eGFR quartile. We compared the levels of urinary 

markers between the subjects with COVID-19 and those without COVID-19 according to the eGFR quartile: Q1, > 85.0; Q2, 60.0-85.0; Q3, 30.0-59.9; Q4, < 30.0 mL/min/1.73 

m 

2 . (A) Total protein (TP), (B) microalbumin (μAlb), (C) N-acetyl- β-D-glucosaminidase (NAG), (D) α1-microglobulin ( α1-MG), (E) liver type fatty acid-binding protein (L-FABP), 

and (F) neutrophil gelatinase-associated lipocalin (NGAL) are shown. 
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Figure 5. Scheme of the results of the present study and their interpretation. 

r

b

a

d

a

t

r

c

s

a

2

o

a

d

b

e

s

t

b

i

o

o  

S

p

H

v

b

s

F

d

s

f

i

t

a

C

p

c

F

S

A

S

f

R

A  

B  

C

C  

C  

E  

F  

F  

G  

G  

H  

H  

H  
enal. Our results are consistent with histological findings reported 

y Santoriello et al. ( Santoriello et al., 2020 ). 

Although the main underlying mechanisms for COVID-19- 

ssociated renal injuries might be pre-renal injury factors, the 

irect viral invasion has also been proposed to be involved in 

cute tubular necrosis, as described in the Introduction section. In 

he present study, 12 of the 88 cases with COVID-19-associated 

enal injury had a large number of RTEs (more than 10 parti- 

les/HPF) observed in urine sediment ( Figure 1 H). Whether these 

ediment findings indicated direct viral invasion into RTEs, such 

s the “decoy cells” found in BK virus infection ( Poloni et al., 

016 ), remains unclear. In the present study, no decoy cells were 

bserved, and the morphology of the RTEs suggested that they 

ppeared in the urine as a result of secondary or direct tubular 

amage. 

A limitation of this study is that the renal function and comor- 

idities might have differed between the two groups, and accurate 

stimations of the contributions of various factors, such as surgery, 

epsis, and COVID-19, to the renal injuries are difficult. However, 

he stratified analyses by the renal function or the presence of dia- 

etes or hypertension suggested that the milder urinary urine sed- 

ment findings and lower urinary chemical biomarkers might be 

bserved, at least to some degree, regardless of the renal function 

r the presence of diabetes and hypertension ( Figure 3 , 4 , Figure

2, Table S1 and S2). Another limitation is that we were unable to 

redict the renal prognosis because this was a retrospective study. 

owever, theoretically, if pre-renal injury factors are mainly in- 

olved in COVID-19-associated renal injuries, these factors could 

e expected to be reversible, resulting in a better renal progno- 

is than if the renal injuries were caused by non-COVID-19 factors. 

urther studies examining larger numbers and serial and indepen- 

ent samples are also necessary. 

In conclusion, the urinary sediment findings were milder in 

ubjects with COVID-19 when compared according to their renal 

unctions, suggesting that pre-renal injury factors might be largely 

nvolved in the pathogenesis of COVID-19-associated renal injuries 

han non-COVID-19-associated renal injuries in patients with AKI 

rising from surgery or sepsis ( Figure 5 ). 

ompeting interests 

The present study was performed under a collaborative research 

roject at the University of Tokyo, Abbott Japan, and Sekisui Medi- 

al. 
310 
unding Sources 

This work is supported by the Research Grants in the Natural 

ciences, The Mitsubishi Foundation. 

cknowledgments 

None 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi:10.1016/j.ijid.2022.02.024 . 

eferences 

llemailem KS , Almatroudi A , Khan AA , Rahmani AH , Almarshad IS , Alekezem FS ,

et al . Manifestations of renal system involvement in hospitalized patients with 
COVID-19 in Saudi Arabia. PLoS One 2021;16(7) . 

radley BT , Maioli H , Johnston R , Chaudhry I , Fink SL , Xu H , et al . Histopathology

and ultrastructural findings of fatal COVID-19 infections in Washington State: a 
case series. Lancet 2020;396(10247):320–32 . 

aceres P , Savickas G , Murray S , Umanath K , Uduman J , Yee J , et al . High SARS–
CoV-2 Viral Load in Urine Sediment Correlates with Acute Kidney Injury and 

Poor COVID-19 Outcome. J Am Soc Nephrol 2021 . 
han L , Chaudhary K , Saha A , Chauhan K , Vaid A , Zhao S , et al . AKI in Hospitalized

Patients with COVID-19. J Am Soc Nephrol 2020 . 

heng Y , Luo R , Wang K , Zhang M , Wang Z , Dong L , et al . Kidney disease is asso-
ciated with in-hospital death of patients with COVID-19. Kidney international 

2020;97(5):829–38 . 
dler C , Schröder AS , Aepfelbacher M , Fitzek A , Heinemann A , Heinrich F , et al .

Dying with SARS-CoV-2 infection-an autopsy study of the first consecutive 80 
cases in Hamburg, Germany. Int J Legal Med 2020;134(4):1275–84 . 

ujimaru T , Shimada K , Hamada T , Watanabe K , Ito Y , Nagahama M , et al . Develop-

ment of acute kidney injury with massive granular casts and microscopic hema- 
turia in patients with COVID-19: two case presentations with literature review. 

Ren Replace Ther. 6: © The Author(s) 2020;2020:59 . 
ukao Y , Nagasawa H , Nihei Y , Hiki M , Naito T , Kihara M , et al . COVID-19-induced

acute renal tubular injury associated with elevation of serum inflammatory cy- 
tokine. Clin Exp Nephrol 2021:1–7 . 

abarre P , Dumas G , Dupont T , Darmon M , Azoulay E , Zafrani L . Acute kidney injury

in critically ill patients with COVID-19. Intensive Care Med 2020;46(7):1339–48 . 
amboa ET , Eastwood AB , Hays AP , Maxwell J , Penn AS . Isolation of influenza virus

from muscle in myoglobinuric polymyositis. Neurology 1979;29(10):1323–35 . 
offmann M , Kleine-Weber H , Schroeder S , Krüger N , Herrler T , Erichsen S , et al .

SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clin- 
ically Proven Protease Inhibitor. Cell 2020;181(2):271–80 e8 . 

uart J , Bouquegneau A , Lutteri L , Erpicum P , Grosch S , Résimont G , et al . Protein-
uria in COVID-19: prevalence, characterization and prognostic role. J Nephrol 

2021;34(2):355–64 . 

usain-Syed F , Wilhelm J , Kassoumeh S , Birk HW , Herold S , Vadász I , et al . Acute
kidney injury and urinary biomarkers in hospitalized patients with coronavirus 

disease-2019. Nephrology, dialysis, transplantation: official publication of the 
European Dialysis and Transplant Association - European Renal Association 

2020;35(7):1271–4 . 

https://doi.org/10.1016/j.ijid.2022.02.024
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0001
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0001
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0001
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0001
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0001
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0001
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0001
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0001
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0002
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0002
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0002
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0002
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0002
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0002
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0002
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0002
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0003
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0003
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0003
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0003
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0003
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0003
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0003
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0003
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0004
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0004
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0004
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0004
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0004
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0004
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0004
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0004
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0005
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0005
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0005
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0005
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0005
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0005
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0005
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0005
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0006
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0006
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0006
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0006
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0006
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0006
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0006
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0006
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0007
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0007
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0007
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0007
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0007
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0007
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0007
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0007
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0008
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0008
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0008
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0008
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0008
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0008
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0008
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0008
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0009
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0009
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0009
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0009
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0009
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0009
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0009
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0010
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0010
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0010
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0010
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0010
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0010
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0011
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0011
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0011
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0011
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0011
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0011
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0011
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0011
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0012
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0012
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0012
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0012
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0012
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0012
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0012
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0012
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0013
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0013
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0013
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0013
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0013
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0013
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0013
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0013


Y. Morita, M. Kurano, D. Jubishi et al. International Journal of Infectious Diseases 117 (2022) 302–311 

K  

L  

L  

L  

L  

O  

P  

P  

P  

P  

S  

S  

S  

T  

V  

V  

X  

Y  

Y  
atagiri D , Ishikane M , Asai Y , Kinoshita N , Ota M , Moriyama Y , et al . Evaluation
of Coronavirus Disease 2019 Severity Using Urine Biomarkers. Crit Care Explor 

2020;2(8):e0170 . 
egrand M , Dupuis C , Simon C , Gayat E , Mateo J , Lukaszewicz AC , et al . Association

between systemic hemodynamics and septic acute kidney injury in critically 
ill patients: a retrospective observational study. Critical care (London, England) 

2013;17(6):R278 . 
i T , Lu H , Zhang W . Clinical observation and management of COVID-19 patients.

Emerg Microbes Infect 2020;9(1):687–90 . 

iu R , Ma Q , Han H , Su H , Liu F , Wu K , et al . The value of urine biochemical pa-
rameters in the prediction of the severity of coronavirus disease 2019. Clinical 

chemistry and laboratory medicine 2020;58(7):1121–4 . 
uther T , Bülow-Anderberg S , Larsson A , Rubertsson S , Lipcsey M , Frithiof R , et al .

COVID-19 patients in intensive care develop predominantly oliguric acute kid- 
ney injury. Acta Anaesthesiol Scand 2021;65(3):364–72 . 

uahmi H , Courjon J , Morand L , François J , Bruckert V , Lombardi R , et al . Proteinuria

as a Biomarker for COVID-19 Severity. Front Physiol 2021;12 . 
an XW , Xu D , Zhang H , Zhou W , Wang LH , Cui XG . Identification of a potential

mechanism of acute kidney injury during the COVID-19 outbreak: a study based 
on single-cell transcriptome analysis. Intensive Care Med 2020;46:1114–16 . 

ei G , Zhang Z , Peng J , Liu L , Zhang C , Yu C , et al . Renal Involvement and
Early Prognosis in Patients with COVID-19 Pneumonia. J Am Soc Nephrol 

2020;31(6):1157–65 . 

erazella MA , Coca SG , Kanbay M , Brewster UC , Parikh CR . Diagnostic value of
urine microscopy for differential diagnosis of acute kidney injury in hospital- 

ized patients. Clinical journal of the American Society of Nephrology: CJASN 

2008;3(6):1615–19 . 

oloni JA , Pinto GG , Giordani MS , Keitel E , Inocente N , Voegeli CF , et al . Bright
Field Microscopy to Detect Decoy Cells Due to BK Virus Infection in the Fresh 
311 
and Unstained Urine Sediment in Kidney Allograft Recipients. J Clin Lab Anal 
2016;30(6):1044–50 . 

antoriello D , Khairallah P , Bomback AS , Xu K , Kudose S , Batal I , et al . Post-
mortem Kidney Pathology Findings in Patients with COVID-19. J Am Soc Nephrol 

2020;31(9):2158–67 . 
himura T , Kurano M , Kanno Y , Ikeda M , Okamoto K , Jubishi D , et al . Clot wave-

form of APTT has abnormal patterns in subjects with COVID-19. Sci Rep 
2021;11(1):5190 . 

pinelli D , Consonni D , Garigali G , Fogazzi GB . Waxy casts in the urinary sediment

of patients with different types of glomerular diseases: results of a prospective 
study. Clin Chim Acta 2013;424:47–52 . 

antry US , Bliden KP , Cho A , Walia N , Dahlen JR , Ens G , et al . First Experience Ad-
dressing the Prognostic Utility of Novel Urinary Biomarkers in Patients With 

COVID-19. Open Forum Infect Dis 2021;8(7):ofab274 . 
ieillard-Baron A , Charron C , Caille V , Belliard G , Page B , Jardin F . Prone positioning

unloads the right ventricle in severe ARDS. Chest 2007;132(5):1440–6 . 

ogel MJ , Mustroph J , Staudner ST , Leininger SB , Hubauer U , Wallner S , et al . Kid-
ney injury molecule-1: potential biomarker of acute kidney injury and disease 

severity in patients with COVID-19. J Nephrol 2021:1–12 . 
iong M , Liang X , Wei YD . Changes in blood coagulation in patients with se-

vere coronavirus disease 2019 (COVID-19): a meta-analysis. Br J Haematol 
2020;189:1050–2 . 

ang X , Jin Y , Li R , Zhang Z , Sun R , Chen D . Prevalence and impact of acute renal

impairment on COVID-19: a systematic review and meta-analysis. Critical care 
(London, England) 2020;24(1):356 . 

eung ML , Yao Y , Jia L , Chan JF , Chan KH , Cheung KF , et al . MERS coronavirus in-
duces apoptosis in kidney and lung by upregulating Smad7 and FGF2. Nat Mi- 

crobiol 2016;1(3):16004 . 

http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0014
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0014
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0014
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0014
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0014
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0014
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0014
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0014
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0015
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0015
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0015
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0015
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0015
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0015
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0015
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0015
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0016
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0016
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0016
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0016
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0017
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0017
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0017
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0017
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0017
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0017
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0017
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0017
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0018
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0018
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0018
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0018
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0018
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0018
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0018
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0018
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0019
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0019
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0019
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0019
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0019
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0019
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0019
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0019
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0020
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0020
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0020
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0020
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0020
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0020
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0020
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0021
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0021
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0021
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0021
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0021
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0021
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0021
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0021
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0022
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0022
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0022
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0022
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0022
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0022
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0023
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0023
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0023
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0023
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0023
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0023
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0023
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0023
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0023
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0024
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0024
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0024
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0024
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0024
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0024
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0024
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0024
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0025
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0025
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0025
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0025
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0025
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0025
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0025
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0025
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0026
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0026
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0026
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0026
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0026
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0027
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0027
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0027
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0027
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0027
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0027
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0027
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0027
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0028
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0028
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0028
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0028
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0028
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0028
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0028
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0029
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0029
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0029
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0029
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0029
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0029
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0029
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0029
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0030
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0030
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0030
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0030
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0031
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0031
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0031
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0031
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0031
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0031
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0031
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0032
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0032
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0032
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0032
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0032
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0032
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0032
http://refhub.elsevier.com/S1201-9712(22)00101-1/sbref0032

