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Summary
Background Kidney damage in COVID-19 patients has been of special concern. The association of acute kidney
injury (AKI) with post-acute kidney function among COVID-19 survivors was not sufficiently elucidated.

Methods An ambidirectional cohort study was conducted with enrollment of COVID-19 survivors discharged from
hospital between Jan 7, and May 29, 2020. Study participants were invited to follow-up visits at 6 and 12 months
after symptom onset. The primary outcome was percentage of estimated glomerular filtration rate (eGFR) decreased
from acute phase (between symptom onset and hospital discharge) to follow-up, and secondary outcome was
reduced renal function at follow-up.

Findings In total, 1,734 study participants were included in this study. Median follow-up duration was 342.0 days
(IQR, 223.0-358.0) after symptom onset. After multivariable adjustment, percentage of eGFR decreased from acute
phase to follow-up was 8.30% (95% CI, 5.99-10.61) higher among AKI participants than those without AKI at acute
phase. Participants with AKI had an odds ratio (OR) of 4.60 (95% CI, 2.10-10.08) for reduced renal function at fol-
low-up. The percentage of eGFR decreased for participants with AKI stage 1, stage 2, and stage 3 was 6.02% (95%
CI, 3.48-8.57), 15.99% (95% CI, 10.77-21.22), and 17.79% (95% CI, 9.14-26.43) higher compared with those without
AKI, respectively.

Interpretation AKI at acute phase of COVID-19 was closely related to the longitudinal decline and post-acute status
of kidney function at nearly one-year after symptom onset. Earlier and more intense follow-up strategies on kidney
function management could be beneficial to COVID-19 survivors.
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Introduction
The cases and deaths of coronavirus disease 2019
(COVID-19) caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) cumulated in an
unprecedented way, with 271 million and 5.32 million
reported as of December 17, 2021, respectively.1 As a
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Research in Context

Evidence before this study

We searched PubMed for studies focusing on associa-
tion of COVID-19 related acute kidney injury (AKI) with
post-acute kidney function after discharge up to Octo-
ber 1, 2021 without language restriction. The search
terms were (COVID-19 OR SARS-CoV-2 OR Coronavirus
disease 2019 OR 2019-ncov) AND (acute kidney injury
OR AKI). The study with longest follow-up duration
focusing on this topic was only 6 months after dis-
charge. The longer term effect of AKI on kidney function
and whether the effect would be different as COVID-19
gradually recovered is not clear.

Added value of this study

This cohort study with nearly one-year follow-up after
symptom onset is the one with longest follow-up dura-
tion conducted among COVID-19 patients discharged
from hospital. Among COVID-19 survivors, percentage
of estimated glomerular filtration rate (eGFR) decreased
from acute phase to one year after symptom onset was
found to be 8.30% (95% CI, 5.99-10.61) higher among
patients with development of AKI during hospitalization
than those without. The association of AKI with
increased risk of reduced renal function at one-year
after symptom onset was also detected (OR 4.60, 95%
CI: 2.10-10.08). The lower eGFR level at acute phase
(<90 mL/min per 1.73 m2) strengthened the association
between AKI and kidney outcomes. Furthermore, a
graded increase in percentage of eGFR decreased and
risk of reduced renal function at one-year after symp-
tom onset were found with higher AKI stage among
COVID-19 survivors.

Implications of all the available evidence

The study findings lend credence to the association of
AKI with longitudinal decline of kidney function from
acute phase to one-year after symptom onset and post-
acute status of reduced renal function at one-year after
symptom onset among COVID-19 survivors, and also
lend credence to the graded relationship between AKI
stage at acute phase and kidney outcomes. Develop-
ment of more precise and intense follow-up strategies
for future kidney disease management among people
recovering from COVID-19 is urgently needed.
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multi-organ disease, COVID-19 can cause both substan-
tial respiratory pathology and extrapulmonary manifes-
tations.2 The multi-organ damage caused by COVID-19
is not only limited to acute phase but also post-acute
stage.3

Acute kidney injury (AKI) is one of the common clin-
ical presentations of COVID-19, which was reported in
5-46% of hospitalized COVID-19 patients.4-9 Kidney
damage in COVID-19 patients has been of special con-
cern due to the pathophysiology specific to SARS-CoV-2
that distinguishes this renal abnormality from the more
general kidney damage caused by other illness.2,10 This
can be reflected by the higher proportion of AKI devel-
opment among hospitalized COVID-19 patients than
other hospitalized patients; and also reflected by the
increased risk of in-hospital mortality and requirement
for renal replacement therapy, and decreased possibility
to have kidney recovered function during hospitaliza-
tion among AKI patients with COVID-19 compared
with those without COVID-19.7,11,12

Understanding the impact of AKI among COVID-19
patients, not only focusing on acute phase but also post-
acute stage, is critically important for future manage-
ment of kidney disease. Previous studies mainly illus-
trated the effect of COVID-19 associated AKI on kidney
status during hospitalization, whereas studies that
focused on post-acute kidney function after discharge
were very limited.13-15 The study with longest follow-up
duration was only 6 months after discharge, which
found COVID-19 associated AKI was associated with a
greater rate of estimated glomerular filtration rate
(eGFR) decrease after discharge compared with AKI
patients without COVID-19.13 Considering the relatively
high proportion of COVID-19 patients with AKI devel-
opment, more studies are needed to comprehensively
elucidate the long-term effect of AKI on kidney func-
tion.

The primary aim of this study was to assess the effect
of AKI developed during hospitalization on longitudinal
change of kidney function which was calculated as per-
centage of eGFR decreased from acute phase to one
year after symptom onset among COVID-19 patients.
The secondary aim was to compare the risk of reduced
renal function (eGFR<60 mL/min per 1.73 m2) and
proteinuria at follow-up between COVID-19 patients
with and without AKI at acute phase. Furthermore, the
associations of AKI stage with above kidney outcomes
were also assessed. We hypothesized that AKI and
higher AKI stage were associated with greater decline in
kidney function and higher risk of reduced renal func-
tion and proteinuria among COVID-19 patients.
Methods

Study design and participants
Participants for the current study were from an ambidir-
ectional cohort study of COVID-19 survivors discharged
from hospital between Jan 7, and May 29, 2020.16

Inclusion and exclusion criteria of the cohort study have
been described previously.16 Briefly, all patients with
laboratory confirmed COVID-19 discharged from hospi-
tal between Jan 7 and May 29, 2020, were eligible for
participation. Patients were excluded if they died after
discharge and before follow-up; were living in a nursing
or welfare home; had psychotic disorder, dementia, or
osteoarthropathy; or were immobile.
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Figure 1. Flow chart of study participants.
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Among 2,469 participants with COVID-19, 2,218
were eligible to be enrolled in the follow-up study
(Figure 1). Of these eligible participants, 1,764 (79.5%)
completed the follow-up survey. After excluding 30 par-
ticipants without creatinine value recorded during hos-
pitalization, the current analysis was restricted to 1,734
participants. The study was approved by the Research
Ethics Commission of hospital which enrolled the par-
ticipants (KY-2020-78.01, KY-2020-78.03). Written
informed consent was obtained from COVID-19 survi-
vors who attended the follow-up visit.
Data collection at acute phase
Acute phase was defined as the time between symptom
onset and hospital discharge. Data at acute phase was
retrieved from electronic medical records, including
demographic characteristics (age, sex, education, and
cigarette smoking); clinical characteristics (self-reported
comorbidities and symptom onset time); laboratory test
results (serum creatinine); disease severity character-
ized by highest seven-category scale during hospital stay
(3, hospitalized, not requiring supplemental oxygen; 4,
hospitalized, requiring supplemental oxygen; 5, hospi-
talized, requiring high-flow nasal cannula (HFNC),
www.thelancet.com Vol 76 Month February, 2022
noninvasive mechanical ventilation (NIV), or both; 6,
hospitalized, requiring extracorporeal membrane oxy-
genation (ECMO), invasive mechanical ventilation
(IMV), or both); and treatment (corticosteroids, antivi-
rals including lopinavir-ritonavir, arbidol, chloroquine
phosphate, and hydroxychloroquine, antibiotics, thymo-
sin, and intravenous immunoglobulin).
Follow-up assessment
Eligible study participants were invited to attend two
face-to-face follow-up visits at hospital at 6 and 12
months after symptom onset. The 6-month and 12-
month follow-up visits were conducted from June 16 to
Sept 3, 2020, and from Dec 16, 2020 to Feb 7, 2021,
respectively. The detailed 6-month and 12-month fol-
low-up procedures have been described previously.16,17

Briefly, at each visit, study participants underwent
detailed interview and physical examination; completed
a series of questionnaires, including a self-reported
symptom questionnaire, the modified British Medical
Research Council (mMRC) dyspnea scale, et al.18-21

Venous blood samples were drawn for the measure-
ment of creatinine and other laboratory indicators. Spot
urine samples were collected for measurement of
3
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proteinuria and hematuria. In light of the emergency
state of hospital at the early stage of COVID-19 pan-
demic, demographic information and self-reported
comorbidity collected at admission may not be that
accurate. To confirm demographic information and
self-reported comorbidity collected at baseline, a stan-
dard questionnaire was designed and administered to
obtain information including age, gender, education,
cigarette smoking, alcohol consumption, personal
medical history, and family history face-to-face by
trained staff at 12-month follow-up visit. All data col-
lected was checked for completeness by the staff
who collected information unless study participants
were unwilling to provide the information. The data
was finally recoded to reflect baseline characteristics
of study participants according to time variables col-
lected for some variables such as comorbidity and
admission date.
Measurement of acute kidney injury and other
variables
According to Kidney Disease: Improving Global Out-
comes (KDIGO) guideline, AKI was defined as either at
least 50% increase in serum creatinine from the base-
line creatinine to maximum creatinine level during hos-
pitalization or a 0.3 mg/dL increase in serum creatinine
within 48 hours.22 Due to the lack of baseline creatinine
level which was defined as the mean creatinine value
between 7 and 365 days before hospitalization, the mini-
mum creatinine value during hospitalization was used
as the baseline creatinine.23 AKI stages were defined
according to KDIGO criteria as following: stage 1 as an
increase in serum creatinine to 1.5-1.9 times baseline
serum creatinine or an increase in serum creatinine of
�0.3 mg/dl within 48 hours, stage 2 as an increase to 2-
2.9 times baseline creatinine, and stage 3 as an increase
to at least 3 times baseline creatinine. Urine output was
not used for definition of AKI due to missingness of
this variable. Hematuria was defined as 1+ or higher on
urinalysis.8
Measurement of outcomes
The primary outcome was the percentage of eGFR
decreased from acute phase to follow-up, which was
calculated as (highest eGFR at acute phase-eGFR at
follow-up)/ highest eGFR at acute phase £ 100%.
The calculation of eGFR was based on Asian modi-
fied Chronic Kidney Disease Epidemiology Collabora-
tion (CKD-EPI) equation.24 The secondary outcomes
were reduced renal function and proteinuria.
Reduced renal function was defined as an eGFR of
less than 60 mL/min per 1.73 m2. Proteinuria was
defined as 1+ proteinuria or higher on dipstick due
to the lack of spot urine albumin-to-creatinine ratio
and protein-to-creatinine ratio.8
Statistical analysis
Demographic and clinical characteristics, and laboratory
findings of study participants were presented as median
(IQR) for continuous variables according to Shapiro-
Wilk testing results for normality (all p value<0.0001)
and expressed as absolute values along with percentages
for categorical variables. Participants were categorized
into AKI and no AKI group according to serum creati-
nine level during hospitalization. For the comparison of
demographic and clinical characteristics, and laboratory
findings between study participants with and without
AKI, x2 test, Fisher’s exact test, or Mann-Whitney U test
was used where appropriate. Furthermore, study partici-
pants were also categorized into four groups according
to percentage of eGFR decreased from acute phase to
follow-up (<15%, 15-24.9%, 25-34.9%, and �35%). The
comparisons of demographic and clinical characteristics
across these groups were performed with x2 test, Fish-
er’s exact test, or Kruskal-Wallis test where appropriate.

To compare the long-term kidney function status
between study participants with and without AKI, the
distributions of kidney function status at follow-up
(both eGFR<60 mL/min per 1.73 m2 and proteinuria;
only eGFR<60 mL/min per 1.73 m2; only proteinuria;
eGFR 60-89.9 mL/min per 1.73 m2; eGFR
�90 mL/min per 1.73 m2) were shown. The absolute
value and percentage of eGFR decreased from acute
phase to follow-up by AKI were also shown. x2 test or
Fisher’s exact test was used for the comparison where
appropriate.

The association between AKI and percentage of
eGFR decreased from acute phase to follow up was
assessed with multivariable adjusted generalized linear
regression model. Multivariable adjusted logistic regres-
sion analysis was used to explore association of AKI
with secondary outcomes including reduced renal func-
tion and proteinuria. For association of AKI with out-
comes, age, sex, cigarette smoking (never-smoker,
current smoker, former smoker), education (college or
higher vs. middle school or lower), disease severity
(scale 3, scale 4, scale 5-6), comorbidity including hyper-
tension, diabetes, CKD, cardiovascular disease, and
rheumatoid arthritis, and duration from symptom onset
to follow-up were adjusted. In addition, we conducted
several subgroup analyses by a range of variables,
including age, sex (20-64 years; �65 years), education
(college or higher; middle school or lower), comorbidity
including hypertension, diabetes, and cardiovascular
disease, disease severity (scale 3-4; scale 5-6), and high-
est eGFR at acute phase (�90 mL/min per 1.73 m2;
<90 mL/min per 1.73 m2). The potential interaction
was further evaluated by adding a multiplicative interac-
tion term between AKI and the above categorical vari-
able. Furthermore, the associations of different AKI
stage with primary outcome and secondary outcomes
were assessed with generalized linear regression model
and logistic regression models, respectively. The
www.thelancet.com Vol 76 Month February, 2022
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covariables adjusted for association of AKI with out-
comes were also included in the models for AKI stage
with outcomes.

Sensitivity analyses were also conducted for the asso-
ciation of AKI and AKI stage with primary and second-
ary outcomes after excluding participants with self-
reported CKD before SARS-CoV-2 infection, or with fur-
ther adjustment for potential confounding effect of anti-
biotics use at acute phase.

We also explored risk factors associated with AKI.
For association of factors including sex, intensive care
unit (ICU) admission, corticosteroid, antivirals, antibiot-
ics, and intravenous immunoglobulin with AKI, the var-
iables including age, sex, cigarette smoking, disease
severity, comorbidities including hypertension, diabe-
tes, CKD, and cardiovascular disease, ICU admission,
corticosteroid, antivirals, antibiotics, and intravenous
immunoglobulin were all included in the model. When
exploring associations of comorbidities including hyper-
tension, diabetes, CKD, and cardiovascular disease with
AKI, the aforementioned variables except for disease
severity and ICU admission were included due to the
potential mediation. Only sex and cigarette smoking
were adjusted for association between age and AKI due
to the potential mediation of other factors. For associa-
tion of cigarette smoking with AKI, the aforementioned
variables except for disease severity and comorbidities
including hypertension, diabetes, CKD, and cardiovas-
cular disease were all included, while ICU admission,
corticosteroid, antivirals, antibiotics, and intravenous
immunoglobulin were not included for the association
of disease severity with AKI.

Our analysis used all participants for whom the
variables of interest were available without imputing
missing data. All significance tests were two-sided,
and a p value less than 0.05 was considered statisti-
cally significant. All statistical analyses were done
with SAS, version 9.4.
Role of funding source
The funder of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. All authors had full access to all
the data in the study and had final responsibility for the
decision to submit for publication.
Results

Baseline characteristics of study participants
The demographic and clinical characteristics of 1,734
study participants included in this study are presented
in Table 1. Median follow-up duration was 342.0 days
(IQR, 223.0-358.0) after symptom onset. The median
age of study participants was 57.0 (IQR, 47.0-65.0)
years and 53% of them were men. Of these participants,
6.1% were found to have AKI during hospitalization.
www.thelancet.com Vol 76 Month February, 2022
Compared with study participants without AKI, those
with AKI were more likely to have history of hyperten-
sion (p<0.0001) and diabetes (p=0.0017), more
severely ill (p<0.0001), more likely to receive corticoste-
roids (p<0.0001), lopinavir-ritonavir (p=0.0004), anti-
biotics (p<0.0001), and intravenous immunoglobulin
(p<0.0001), and also more likely to admit to ICU
(p<0.0001). Furthermore, the length of hospital stay
(p<0.0001) and ICU stay (p=0.0082) were also longer
among AKI participants compared with no AKI partici-
pants. The proportion of men and participants who
received oxygen therapy during hospital stay were
slightly higher in patients who were included in final
analysis than those who were not (p=0.017 and
<0.0001, respectively; Table S1). There was no statisti-
cally significant difference in age, smoking status,
comorbidities except for previous history of malignancy,
and ICU admission between both groups (all p>0.05).

The characteristics of study participants according to
percentage of eGFR decreased from acute phase to fol-
low-up were shown in Table S2. Those with higher per-
centage of eGFR decreased were more likely to have
comorbidity including hypertension (p<0.0001), diabe-
tes (p<0.0001), coronary heart disease (p=0.0010), and
CKD (p=0.0005), more severely ill (p<0.0001), more
likely to receive corticosteroids (p=0.011) and intrave-
nous immunoglobulin (p=0.018), and also more likely
to admit to ICU (p<0.0001).
Laboratory findings of study participants at follow-up
Table 2 shows the laboratory findings of study partici-
pants at follow-up according to AKI status. Participants
with AKI had higher levels of leukocyte count
(p=0.0009), higher serum creatinine (p=0.0012) and
percentage of eGFR decreased from acute phase to fol-
low-up (p<0.0001), and lower level of eGFR
(p=0.0020) compared with those without AKI. The pro-
portions of study participants with eGFR less than
60 mL/min per 1.73 m2 (p<0.0020) and proteinuria
(p=0.0017) were both higher among participants who
developed AKI. Although the difference of glycated
hemoglobin A1C (HbA1C) was statistically significant
(p=0.0007) but likely not clinically significant given
small absolute differences.
Kidney function status and its change
Figure 2 shows the kidney function status at follow-
up and its change from acute phase to follow-up by
AKI status. The kidney function status was different
between those with and without AKI (p<0.0001,
Figure 2A). The proportions of study participants
with both eGFR<60 mL/min per 1.73 m2 and pro-
teinuria, only eGFR<60 mL/min per 1.73 m2, only
proteinuria, eGFR 60-89.9 mL/min per 1.73 m2, and
eGFR �90 mL/min per 1.73 m2 were 7.4%, 2.5%,
12.4%, 21.0%, and 56.8% among those who
5



Characteristics Total (n=1734) No AKI (n=1629) AKI (n=105) p value

Age, years 57.0 (47.0-65.0) 57.0 (47.0-65.0) 59.0 (50.0-68.0) 0.049

Sex 0.57

Men 911 (53%) 853 (52%) 58 (55%)

Women 823 (47%) 776 (48%) 47 (45%)

Education 0.51

College or higher 501/1680 (30%) 467/1576 (30%) 34/104 (33%)

Middle school or lower 1179/1680 (70%) 1109/1576 (70%) 70/104 (67%)

Cigarette smoking 0.96

Never-smoker 1474/1730 (85%) 1385/1625 (85%) 89 (85%)

Current smoker 105/1730 (6%) 98/1625 (6%) 7 (7%)

Former smoker 151/1730 (9%) 142/1625 (9%) 9 (9%)

Comorbidity

Hypertension 579/1732 (33%) 520/1627 (32%) 59 (56%) <0.0001

Diabetes 236/1732 (14%) 211/1627 (13%) 25 (24%) 0.0017

Coronary heart diseases 153/1731 (9%) 139/1627 (9%) 14/104 (13%) 0.09

Cerebrovascular diseases 80/1732 (5%) 74/1627 (5%) 6 (6%) 0.59

Malignancy 43/1733 (2%) 41/1628 (3%) 2 (2%) 0.68

Chronic obstructive pulmonary disease 29/1732 (2%) 27/1627 (2%) 2 (2%) 0.85

Chronic kidney disease 62/1733 (4%) 59/1628 (4%) 3 (3%) 0.67

Highest seven-category scale during hospital stay <0.0001

3: hospitalization, not requiring supplemental oxygen 435 (25%) 426 (26%) 9 (9%)

4: hospitalization, requiring supplemental oxygen 1180 (68%) 1128 (69%) 52 (50%)

5: hospitalization, requiring HFNC or non-IMV, or both 110 (6%) 75 (5%) 35 (33%)

6: hospitalization, requiring ECMO or IMV, or both 9 (1%) 0 (0%) 9 (9%)

Treatment received during hospital stay

Corticosteroids 399 (23%) 338 (21%) 61 (58%) <0.0001

Antivirals 946 (55%) 878 (54%) 68 (65%) 0.030

Lopinavir-ritonavir 233 (13%) 207 (13%) 26 (25%) 0.0004

Arbidol 833 (48%) 774 (48%) 59 (56%) 0.08

Chloroquine phosphate 4 (0%) 4 (0%) 0 (0%) 1.00

Hydroxychloroquine 2 (0%) 1 (0%) 1 (1%) 0.12

Antibiotics 1340 (77%) 1237 (76%) 103 (98%) <0.0001

Beta lactams 932 (54%) 844 (52%) 88 (84%) <0.0001

Quinolones 975 (56%) 895 (55%) 80 (76%) <0.0001

Sulfonamides 229 (13%) 213 (13%) 16 (15%) 0.53

Macrolides 26 (1%) 24 (1%) 2 (2%) 0.73

Tetracycline 7 (0%) 0 (0%) 7 (7%) <0.0001

Aminoglycosides 2 (0%) 1 (0%) 1 (1%) 0.12

Others* 45 (3%) 25 (2%) 20 (19%) <0.0001

Thymosin 289 (17%) 271 (17%) 18 (17%) 0.89

Intravenous immunoglobulin 347 (20%) 298 (18%) 49 (47%) <0.0001

Length of hospital stay, days 14.0 (10.0-19.0) 13.0 (10.0-18.0) 29.0 (18.0-52.0) <0.0001

ICU admission 75 (4%) 50 (3%) 25 (24%) <0.0001

Length of ICU stay, days 14.0 (7.0-27.0) 10.0 (5.0-21.0) 21.0 (13.0-40.0) 0.0082

Time from discharge to follow-up, days 308.0 (191.0-322.0) 308.0 (185.0-322.0) 297.0 (268.0-318.0) 0.15

Time from symptom onset to follow-up, days 342.0 (223.0-358.0) 341.0 (220.0-357.0) 351.0 (326.0-367.0) 0.0004

Table 1: Baseline characteristics of study participants according to acute kidney injury status at acute phase.
Data are n (%), n/N(%), or median (IQR). The different denominators used indicate number of participants with data for corresponding variables.

* Other types of antibiotics include peptide, lincomycin, thiazolidone, glycopeptide, nitroimidazole, and cyclic lipopeptide.AKI=acute kidney injury.

HFNC=high-flow nasal cannula for oxygen therapy. NIV=non-invasive ventilation. IMV=invasive mechanical ventilation. ECMO=extracorporeal membrane

oxygenation. ICU=intensive care unit.
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Figure 2. Distributions of kidney function status at follow-up (A) and absolute value (B) or percentage (C) of eGFR decreased from
acute phase to follow-up.

Characteristics Total (n=1734) No AKI (n=1629) AKI (n=105) p value

Leukocyte count, £ 109 per L 6.1 (5.1-7.3) 6.1 (5.1-7.2) 6.7 (5.7-7.8) 0.0009

Lymphocyte count, £ 109 per L 1.9 (1.6-2.4) 1.9 (1.6-2.4) 2.0 (1.5-2.6) 0.31

Haemoglobin, g/dL 142.5 (133.0-154.0) 143.0 (133.0-154.0) 141.0 (134.0-151.5) 0.52

Platelet count, £ 109 per L 217.0 (184.0-254.0) 217.0 (184.0-254.0) 225.5 (187.5-260.5) 0.44

Serum albumin, g/L 45.8 (44.1-47.6) 45.8 (44.1-47.6) 45.8 (44.3-48.0) 0.78

Alanine aminotransferase, U/L 20.0 (14.0-29.0) 20.0 (14.0-29.0) 21.0 (14.0-29.0) 0.50

Aspartate aminotransferase, U/L 26.0 (22.0-31.0) 26.0 (22.0-31.0) 25.0 (21.0-32.0) 0.66

HbA1C, % 5.4 (5.1-5.8) 5.4 (5.1-5.8) 5.7 (5.3-6.1) 0.0007

Serum creatinine, mmol/L 70.1 (59.0-82.7) 69.7 (59.0-82.2) 78.0 (61.6-95.1) 0.0012

Percentage of eGFR decreased, % 7.2 (2.2-14.3) 6.7 (2.0-13.3) 19.8 (11.5-26.5) <0.0001

eGFR, mL/min per 1.73 m2 98.5 (86.0-108.6) 98.7 (86.6-109.0) 93.7 (74.3-106.2) 0.0020

Classification of eGFR 0.0002

�90 mL/min per 1.73 m2 1161/1707 (68%) 1103/1605 (69%) 58/102 (57%)

60-89.9 mL/min per 1.73 m2 476/1707 (28%) 446/1605 (28%) 30/102 (29%)

30-59.9 mL/min per 1.73 m2 60/1707 (4%) 50/1605 (3%) 10/102 (10%)

15-29.9 mL/min per 1.73 m2 7/1707 (0%) 5/1605 (0%) 2/102 (2%)

<15 mL/min per 1.73 m2 3/1707 (0%) 1/1605 (0%) 2/102 (2%)

Proteinuria 0.0017

Negative 1161/1259 (92%) 1095/1177 (93%) 66/82 (80%)

1+ 54/1259 (4%) 46/1177 (4%) 8/82 (10%)

�2+ 44/1259 (3%) 36/1177 (3%) 8/82 (10%)

Hematuresis 0.32

Negative 1017/1259 (81%) 946/1177 (80%) 71/82 (87%)

1+ 157/1259 (12%) 151/1177 (13%) 6/82 (7%)

�2+ 85/1259 (7%) 80/1177 (7%) 5/82 (6%)

Table 2: Laboratory findings of study participants at follow-up according to acute kidney injury status at acute phase.
Data are n (%), n/N(%), or median (IQR). The differing denominators used indicate number of participants with data for corresponding variables.

AKI=acute kidney injury. eGFR=estimated glomerular filtration rate. HbA1C= glycated hemoglobin A1C.
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developed AKI, while the corresponding proportions
were 1.1%, 2.3%, 5.9%, 28.0%, and 62.7% among
those without AKI, respectively. Furthermore, both
the absolute level and percentage of eGFR decreased
from acute phase to follow-up were higher in AKI
www.thelancet.com Vol 76 Month February, 2022
group compared with no AKI group (both p<0.0001,
Figure 2B-C). The proportions of participants with a
25% or greater drop in eGFR was 32.8% among
those who developed AKI, but the proportion was
only 6.5% among those without AKI.
7
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Association of AKI with kidney function status and its
change
The associations of AKI with percentage of eGFR
decreased from acute phase to follow-up and reduced renal
function at follow-up are shown in Figure 3, and associa-
tion with proteinuria at follow-up is shown in Figure S1.
After multivariable adjustment for age, sex, cigarette smok-
ing, education, disease severity, comorbidity including
hypertension, diabetes, CKD, cardiovascular disease, and
rheumatoid arthritis, and duration from symptom onset to
follow-up, the percentage of eGFR decreased from acute
phase to follow-up was 8.30% (95% CI, 5.99-10.61) higher
for AKI participants than those without development of
AKI at acute phase. Participants with AKI had an odds
ratio (OR) of 4.60 (95% CI, 2.10-10.08) for reduced renal
function and an OR of 2.52 (95% CI, 1.25-5.10) for protein-
uria at follow-up.

The interaction of AKI with categorization of highest
eGFR level at acute phase was statistically significant for
the association of AKI with all three outcomes (pinteraction
=0.0011, 0.0001, 0.0046 for percentage of eGFR
decreased, reduced renal function, and proteinuria, respec-
tively). The lower eGFR level at acute phase (<90 mL/min
per 1.73 m2) strengthened the association between AKI
Figure 3. Association of acute kidney injury at acute phase with pe
reduced renal function at follow-up.
and three outcomes. History of cardiovascular disease and
more severe disease status during hospitalization weak-
ened the association of AKI with percentage of eGFR
decreased. For interaction of diabetes history with AKI, the
effect of AKI on reduced renal function was numerically
higher among participants with diabetes than those with-
out diabetes although the interaction term was not statisti-
cally significant. The other variables showed no evidence of
modifying the association of AKI with outcomes.

The sensitivity analysis after excluding participant
with self-reported history of CKD before SARS-CoV-2
infection did not substantially change the associations
of AKI with three outcomes (Table S3). Specifically, the
association magnitude of AKI with percentage of eGFR
decreased from acute phase to follow-up tended to be
slightly smaller. The sensitivity analysis with further
adjustment for antibiotics use at acute phase showed
similar results with that before adjustment.
Association of AKI stage with kidney function status
and its change
The associations of AKI stage with percentage of eGFR
decreased from acute phase to follow-up and reduced
rcentage of eGFR decreased from acute phase to follow-up and

www.thelancet.com Vol 76 Month February, 2022



Figure 4. Percentage of eGFR decreased from acute phase to follow-up (A) and risk of reduced renal function at follow-up (B) by
acute kidney injury stage.
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renal function at follow-up are shown in Figure 4, and

association with proteinuria at follow-up is shown in

Figure S2. After multivariable adjustment, a graded

increase in percentage of eGFR decreased and risk of

reduced renal function and proteinuria was found with

higher AKI stage. The percentages of eGFR decreased

for participants with development of AKI stage 1, stage

2, and stage 3 were 6.02% (95% CI, 3.48-8.57), 15.99%

(95% CI, 10.77-21.22), and 17.79% (95% CI, 9.14-26.43)

higher compared with those without AKI, respectively.

The ORs of reduced renal function for those with stage

1, stage 2, and stage 3 were 3.09 (95% CI, 1.22-7.83),

11.82 (95% CI, 2.85-48.89), and 22.06 (95% CI, 2.38-

204.60), respectively. The ORs of proteinuria for stage

1, stage 2, and stage 3 were 2.11 (95% CI, 0.97-4.61),

2.98 (95% CI, 0.68-13.02), and 14.44 (95% CI, 2.07-

100.50), respectively. The sensitivity analyses after

excluding participant with self-reported history of CKD

before SARS-CoV-2 infection showed similar results,

except that the percentage of eGFR decreased from

acute phase to follow-up was similar between AKI stage

2 and stage 3 (Table S3). The sensitivity analysis with
www.thelancet.com Vol 76 Month February, 2022
further adjustment for antibiotics use at acute phase
also showed similar results with that before adjustment.
Risk factors associated with AKI
After multivariable adjustment, age, comorbidity
including hypertension and diabetes, disease severity
characterized by highest seven-category scale during
hospitalization, and use of corticosteroids or antibiotics
during hospitalization were shown to be associated with
development of AKI during hospitalization (Table S4).
The OR of AKI per 10-year increase of age was 1.19
(95% CI, 1.02-1.40). The ORs were 2.58 (95% CI, 1.62-
4.13) and 2.24 (95% CI, 1.29-3.89) for participants with
history of hypertension and participants with history of
diabetes before SARS-CoV-2 infection compared with
those without, respectively. Compared with participants
with scale 3, the ORs of AKI were 2.30 (95% CI, 1.12-4.72)
and 2.30 (95% CI, 1.12-4.72) among participants with
scale 4 and scale 5-6, respectively. Participant who
received corticosteroids had an OR of 2.09 (95% CI, 1.24-
3.54) for AKI compared with those who did not, while the
9
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OR was 6.24 (95% CI, 1.49-26.15) for those who received
antibiotics compared with those who did not.
Discussion
In this ambidirectional cohort study conducted among
COVID-19 patients discharged from hospital, we found
AKI developed during hospitalization was associated
with higher percentage of eGFR decreased from acute
phase to one year after symptom onset, and also
increased risk of reduced renal function and protein-
uria. Furthermore, the graded increase in percentage of
eGFR decreased and risk of reduced renal function and
proteinuria was observed with higher AKI stage. To our
knowledge, this cohort study is the largest one with the
longest follow-up duration to explore the effect of AKI
and AKI stage on longitudinal change and post-acute
status of kidney function among COVID-19 patients dis-
charged from hospital. The findings indicated the
importance of long-term kidney disease management
among COVID-19 survivors.

The occurrence of AKI has been widely reported
among COVID-19 patients. Dissecting the risk factors
of COVID-19 induced AKI and its pathogenesis can
help clinicians to recognize patients with higher risk of
AKI earlier. In our study, the results about factors
including age, comorbidity including hypertension and
diabetes, and disease severity found to be associated
with AKI were consistent with previous studies.6,25-28

The pathophysiology of COVID-19 induced AKI is mul-
tifactorial. Direct kidney tissue damage caused by
SARS-CoV-2 is the most comprehensively studied
mechanism of AKI.29-31 The other plausible mecha-
nisms of AKI include microvascular dysfunction sec-
ondary to endothelial damage, and the potential role
that cytokine storm plays in the immunopathology of
AKI.31,32

The burden of AKI especially severe AKI and
requirement for renal replacement therapy were higher
compared with those without COVID-19, resulting in
special concern for AKI occurred among COVID-19
patients.7 However, data about post-acute kidney func-
tion status and evidence for the impact of AKI on longi-
tudinal change of kidney function were very limited.13,16

AKI and CKD are closely interconnected with each other
and AKI has been recognized as a gateway to progres-
sion for CKD.33-35 The long-term decline in kidney func-
tion after AKI has been described in people with
specific clinical features such as those who discharged
after ICU admission or those who underwent coronary
angiography.36,37 Recognizing the effect of COVID-19
associated AKI on longitudinal change of kidney func-
tion and post-acute kidney function can inform clini-
cians to develop more precise and intense follow-up
strategies for kidney disease management among peo-
ple recovering from COVID-19 according to their AKI
status at acute phase.
To elucidate effect of AKI on long-term kidney out-
comes among COVID-19 patients, making comparison
between those who developed and did not develop AKI
at acute phase is important. One previous study includ-
ing only 60 participants who were COVID-19 patients
admitted to ICU showed that AKI lasting for more than
7 days was associated with higher risk of CKD.14 Our
study showed consistent result among more generalized
COVID-19 survivors. We also found the graded relation-
ship between AKI stage and longitudinal change of kid-
ney function, and the effect modification of eGFR level
at acute phase. These findings indicated earlier and
more intense kidney function follow-up should be per-
formed among those with more severe AKI and lower
eGFR level during hospitalization. However, how long
the impact of AKI on longitudinal change of kidney sta-
tus among COVID-19 survivors would last and whether
the effect would change as patients with AKI gradually
recovered need to better explored in cohort study with
longer follow-up duration. In addition, attention should
also be paid to population who were recovering from
COVID-19 but who did not develop AKI at acute phase.
Immunologic aberrations and inflammatory damage in
response to the acute infection was indicated as one of
the possible mechanisms of post-acute COVID-19.3,29,38

The possibility that SARS-CoV-2 did not cause AKI at
acute phase but still resulted in faster eGFR decline
compared with general population who were not
infected with SARS-CoV-2 cannot be excluded.

Several limitations of this study should be addressed.
Firstly, this is a study with enrollment of COVID-19
patients who discharged alive at the early stage of pan-
demic, with proportion of AKI as 6.1%, which may limit
the generalizability of study findings. For the definition
of AKI, the lowest creatinine level during hospitalization
was used as baseline creatinine level which has been
described in other studies.23 Secondly, urine dipstick test
has been used to measure proteinuria due to the lack of
spot urine albumin-to-creatinine ratio and protein-to-cre-
atinine ratio. Thirdly, participants with CKD before
COVID-19 may have been included in the assessment as
the kidney function status of study participants on admis-
sion was not systematically evaluated due to the emer-
gency state of hospital at early stage of pandemic.
However, the sensitivity analyses after excluding self-
reported history of CKD before SARS-CoV-2 infection
did not substantially change the associations of AKI with
outcomes. Fourthly, 21.8% of eligible participants were
not included in final analysis due to loss of follow-up or
missing information for key variable. Fortunately, no sta-
tistically significant difference was observed for majority
of baseline characteristics between participants included
and not included in final analysis. Lastly, information
bias resulted from recalling information such as smoking
and self-reported comorbidity cannot be excluded, even
though misclassification of these variables was more
likely to be non-differential in our cohort study.
www.thelancet.com Vol 76 Month February, 2022
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In conclusion, the cohort study with one-year follow-
up duration after symptom onset among people recover-
ing from COVID-19 lend credence to the association of
AKI with longitudinal decline and post-acute status of
kidney function. This study also provided evidence for
the graded relationship between AKI stage and kidney
function outcomes. The findings were important for
development of more precise and intense follow-up
strategies for future kidney disease management among
people recovering from COVID-19. Furthermore, stud-
ies with longer follow-up duration for COVID-19 should
be conducted to understand long-term impact of AKI
on longitudinal change of kidney function more com-
prehensively because whether the effect size of AKI on
kidney function would be different beyond one year
after symptom onset needs to be further evaluated.
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