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ABSTRACT

COVID-19 acute kidney injury in East London | 2357

Background. Acute kidney injury (AKI) is a common and important complication of coronavirus disease 2019 (COVID-19).
Further characterization is required to reduce both short- and long-term adverse outcomes.

Methods. We examined registry data including adults with confirmed severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection admitted to five London Hospitals from 1 January to 14 May 2020. Prior end-stage kidney disease was
excluded. Early AKI was defined by Kidney Disease: Improving Global Outcomes creatinine criteria within 7 days of
admission. Independent associations of AKI and survival were examined in multivariable analysis. Results are given as
odds ratios (ORs) or hazard ratios (HRs) with 95% confidence intervals.

Results. Among 1855 admissions, 455 patients (24.5%) developed early AKI: 200 (44.0%) Stage 1, 90 (19.8%) Stage 2 and 165
(36.3%) Stage 3 (74 receiving renal replacement therapy). The strongest risk factor for AKI was high C-reactive protein [OR
3.35(2.53-4.47), P < 0.001]. Death within 30 days occurred in 242 (53.2%) with AKI compared with 255 (18.2%) without. In
multivariable analysis, increasing severity of AKI was incrementally associated with higher mortality: Stage 3 [HR 3.93
(3.04-5.08), P < 0.001]. In 333 patients with AKI surviving to Day 7, 134 (40.2%) recovered, 47 (14.1%) recovered then relapsed
and 152 (45.6%) had persistent AKI at Day 7; an additional 105 (8.2%) patients developed AKI after Day 7. Persistent AKI was
strongly associated with adjusted mortality at 90 days [OR 7.57 (4.50-12.89), P < 0.001].

Conclusions. AKI affected one in four hospital in-patients with COVID-19 and significantly increased mortality. Timing and

recovery of COVID-19 AKlI is a key determinant of outcome.
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INTRODUCTION

Development of acute kidney injury (AKI) appears common in
coronavirus disease 2019 (COVID-19), however, geographical dif-
ferences in incidence and severity have been described [1-6]. In a
meta-analysis of 20 cohorts worldwide, overall prevalence during
admission was 17%, ranging from 0.5% to 80.3% [7]. This variation
likely reflects differences in sample sizes and cohort characteris-
tics including in monitoring and detection of AKI [8]. Few studies
have reported timing and severity of AKI, or temporal relation-
ships to interventions including renal replacement therapy (RRT)
[9]. Short follow-up periods have also limited analysis of longer-
term survival and kidney recovery. Importantly, more severe AKI
has been strongly and consistently associated with short-term
risk of death [10, 11], making AKI a potentially pivotal complica-
tion in the deteriorating COVID-19 patient. Better understanding
of risk factors involved may enable early recognition and use of
preventative and therapeutic measures to limit AKI development
or progression, reducing overall morbidity and mortality.

The mechanisms involved in kidney damage in COVID-19
are likely to be multifactorial. These potentially include direct
viral effects on the kidney [12, 13], systemic immune dysregula-
tion and hypercoagulability [11, 14], as well as traditional risk-
factors for primary tubular injury including hypovolaemia, sep-
sis-related haemodynamic instability and consequences of in-
tensive care unit (ICU) therapies [8, 15-17]. Patient risk factors
for COVID-19 AKI are common to those of AKI in other settings,
including older age and comorbid diseases [1, 18]. Importantly,
while racial and socioeconomic background have been identi-
fied as potential risk factors for severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infection and adverse
outcomes in COVID-19 disease, the influence of these factors on
the incidence of COVID-19-associated AKI is unclear despite
pre-existing evidence for racial and socioeconomic disparities
leading to higher AKI incidence and poorer outcomes outside of
COVID-19 [19]. Accordingly, we aimed to define the incidence
and severity of AKI during hospital admission, examine trajec-
tories of AKI progression and kidney recovery following hospital

discharge, and identify risk factors for AKI and adverse out-
comes including the influence of ethnicity and measures of so-
cioeconomic status.

MATERIALS AND METHODS
Study cohort

We included all patients aged 16 years or over admitted to one
of five acute hospitals within Barts Health National Health
Service (NHS) Trust between 1 January and 13 May 2020 with
SARS-CoV-2 infection confirmed on PCR [20]. The first emer-
gency admission encompassing the first positive SARS-CoV-2
test or within 2 weeks of positive outpatient testing was defined
as the index admission. For this analysis, patients with no avail-
able creatinine data and patients with prior history of end-stage
kidney disease (ESKD) were excluded. Follow-up data were
available up to 1 December 2020.

Definitions of key variables

AKI was defined and severity staged using the Kidney Disease:
Improving Global Outcomes (KDIGO) creatinine criteria, namely
an acute >0.3mg/dL rise in serum creatinine within a 48-h win-
dow or a >1.5-fold increase in creatinine above pre-morbid
baseline value [21]. Baseline creatinine was set using the me-
dian result from all available blood tests in the 7-365 days before
admission. If no prior results were available, baseline creatinine
was imputed based on an estimated glomerular filtration rate
(eGFR) of 75 mL/min/1.72 m? or admission creatinine, whichever
was lower. Early AKI was defined as AKI criteria being met
within the first 7 days of hospital admission. In patients who
survived to Day 7, early AKI was further subdivided based on
trajectory during admission: recovered (absence of AKI criteria
by Day 7 and no further AKI); relapsed (absence of AKI criteria
by Day 7, but subsequent re-occurrence of AKI later in admis-
sion); and persistent (persistence of AKI criteria at Day 7 or re-
quirement for RRT). Late AKI was defined as AKI occurring only
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after Day 7. Ethnicity was defined using the NHS ethnic category
codes. Relative measures of socioeconomic deprivation were
assessed using the English Indices of Deprivation 2020 by
matching patient postcode to national index of multiple depri-
vation (IMD) divided into quintiles within our study population
[22]. Baseline comorbid diseases and Hospital Frailty Risk Score
(HFRS) were identified by mapping to International
Classification of Diseases, Tenth Revision (ICD-10) coding [23,
24]. Pre-existing chronic kidney disease (CKD) defined as base-
line eGFR <60 mL/min/1.72 m? was calculated using the last cre-
atinine value available from results earlier than 7 days before
hospitalization using the CKD Epidemiology Collaboration for-
mula [25]. ESKD was defined by ICD-10 coding [26]. Rockwood
Clinical Frailty Scoring was assessed by the admitting medical
team and recorded in the electronic medical records [27]. The
median C-reactive protein (CRP) value for the cohort was used
as a cut-off for high and low groups. Full definitions of AKI cate-
gories and baseline variables are detailed in the Online
Supplementary Material.

Outcome measures

The primary outcome was survival to 30 days from time of in-
dex COVID-19 hospital admission. We assessed the composite
outcome of death, new dialysis and worsened renal function
constituting the major adverse kidney event (MAKE) outcome at
90days (MAKE90) as a secondary outcome [28]. In 90-day survi-
vors, worsened renal function was defined as eGFR <70% of
baseline using the last serum creatinine value before 90 days.
Other secondary endpoints were 90-day survival, ICU admis-
sion, ICU length of stay, duration of organ support on ICU, need
for mechanical ventilation, ICU and hospital length of stay, and
discharge destination if discharged alive from hospital.

Statistical analyses

A prospective statistical analysis plan was developed [29].
Baseline characteristics are presented as median and interquar-
tile range (IQR) or number and percentage, as appropriate. We
compared proportions using Pearson’s chi-square test or Fisher’s
exact test and continuous variables using two-sample t-test or
Wilcoxon rank-sum or signed rank (for paired data) tests, as ap-
propriate. Multivariable logistic regression was carried out to as-
sess risk factors for development of early AKI. Cox proportional
hazards models were used to assess survival comparing AKI ver-
sus no AKI adjusted for age and sex. A further multivariable Cox
model was developed to assess the effect of pre-defined risk fac-
tors described associated with adverse outcomes in COVID-19:
ethnicity, IMD quintile, smoking status, body mass index (BMI),
diabetes, hypertension (HTN) and CKD. We assessed the effects
of an interaction between ethnicity and early AKI on 30-day sur-
vival. Logistic regression modelling for the association between
early AKI and ICU admission, as well as treatment using me-
chanical ventilation and RRT were carried out. Survival at 90 days
comparing trajectory of AKI was assessed using logistic regres-
sion as relapsed and late AKI are not baseline hazards. Effect
measures are presented as hazard ratios (HRs) or odds ratios
(ORs) with 95% confidence intervals (CIs). All analyses were per-
formed using R version 4.0.2 (R Development Core Team 2020).

Sensitivity analyses

Subgroup analyses were carried out including only patients
with known baseline creatinine.

RESULTS

STROBE (Strengthening the Reporting of Observational Studies
in Epidemiology) reporting guidelines were followed
(Supplementary data, Table S1). A total of 1996 patients were in-
cluded in our cohort, 28 without creatinine results available
during their admission and 113 with pre-existing ESKD were ex-
cluded from analyses (Supplementary data, Figure S1). A total of
455 out of 1855 patients (24.5%) developed AKI during the first
7 days of admission. Of these, 200 (44.0%) had Stage 1, 90 (19.8%)
had Stage 2 and 165 (36.3%) had Stage 3 AKL

Early AKI

Baseline patient characteristics are presented in Table 1.
Patients with early AKI were older (median age 71 versus
62years), and greater proportions were male, more deprived
and had comorbid disease. Baseline creatinine values were
available for 1179/1855 patients, the remainder were imputed.
Excluding imputed values, baseline kidney function was worse
in the early AKI group [median eGFR 65.4 (42.3-82.9) versus 74.3
(56.9-91.6) mL/min/1.72m? P<0.001]. A significantly greater
proportion of patients with Black ethnicity developed early AKI,
which tended to be more severe (Table 1). Patients with early
AKI had higher CRP during admission [median 249.0 (137.0-
347.3) versus 123.0 (62.0-213.8) mg/L, P <0.001]. In a multivari-
able analysis (Figure 1), the risk of early AKI was significantly
higher in older patients [OR 1.13 (1.02-1.25), P=0.02] and those
with peak CRP>145 [OR 3.35 (2.53-4.47) mg/L, P<0.001]. The
comorbidities most strongly associated with early AKI were dia-
betes [OR 1.50 (1.12-2.02), P=0.007] and congestive heart failure
[CHF; OR 1.47 (1.01-2.13), P=0.04].

Survival

A total of 497 (26.8%) patients died within 30 days of admission,
242 (53.2%) who developed early AKI compared with 255
(18.2%) who did not (Supplementary data, Table S2). Patients
with early AKI had a significantly higher age- and sex-adjusted
risk of death than those who did not (Supplementary data,
Figure S3). Risk increased with increasing severity of AKI: Stage
1 [HR 1.88 (1.47-2.40), P<0.001], Stage 2 [HR 2.79 (2.06-3.77),
P<0.001] and Stage 3 [HR 4.25 (3.37-5.35), P<0.001]
(Supplementary data, Figure S3). After inclusion of pre-speci-
fied confounders including ethnicity, IMD, smoking history,
BMI >30kg/m?, diabetes, HTN and CKD in a multivariable sur-
vival analysis, the association between early AKI and death
persisted: Stage 1 [HR 1.92 (1.48-2.49), P <0.001], Stage 2 [HR
2.75 (1.97-3.85), P<0.001] and Stage 3 [HR 3.93 (3.04-5.08),
P <0.001] (Figures 2 and 3).

Trajectories of early AKI and late AKI

Of 333 patients who developed early AKI and were still alive at
Day 7 after admission, 134 (40.2%) recovered, 47 (14.1%) relapsed
and 152 (45.6%) had persistent AKI at Day 7. A total of 105 (8.2%)
patients who did not have early AKI and still alive at Day 7 de-
veloped late AKI after this timepoint. Baseline characteristics
are presented in Supplementary data, Table S3. Patients with
persistent or relapsed trajectories were younger (median age
65 years persistent, 72 years relapsed and 74 years recovered).
Compared with other ethnic groups, a greater proportion of
Asian patients with early AKI had persistent or relapsed AKI
than recovered (Supplementary data, Figure S6). Patients with
persistent or relapsed AKI had higher CRP values (median
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OR Cl p
Male sex —o—— 1.31  (0.99-1.75) 0.06
Age —o— 1.13  (1.02-1.25) 0.02
Ethnicity: Asian —_—o—i 0.84 (0.58-1.22) 0.36
Ethnicity: Black ———— 1.46 (0.99-2.14) 0.05
Ethnicity: Other —_——— 122 (0.69-2.11) 0.48
Ethnicity: Unknown ——— 1.27 (0.80-2.00) 0.31
IMD 5 —_———— 0.95 (0.63-1.44) 0.82
IMD 4 —_——t— 0.76 (0.50-1.16) 0.20
IMD 3 —_—— 0.73 (0.48-1.10) 0.14
IMD 2 — e 1.05 (0.70-1.57) 0.82
Smoking ——O0—>— 0.76 (0.47-1.20) 0.25
Obesity ——— 1.10 (0.80-1.51) 0.55
CKD ———— 1.25 (0.89-1.74) 0.19
HTN —_——— 1.08 (0.72-1.49) 0.86
Diabetes —_——— 1.50 (1.12-2.02) 0.007
CEVD ——— 141  (0.99-1.99) 0.05
CHF ———— 147 (1.01-2.13) 0.04
CRP > 145 ——o0—— 335 (2.53-4.47) <0.001
. .

P
1 2 3 4 5

FIGURE 1: Forest plots comparing baseline risk factors for development of early
AKL IMD (1, most deprived, as reference), obesity defined as BMI>30kg/m?
White ethnicity as reference, CKD defined as baseline eGFR <60 mL/min/1.72 m?.
CEVD, cerebral vascular disease. Age modelled per 10-year increment. Effect
sizes are shown as OR with 95% ClIs. This model includes 1397 patients who had
complete data on all covariates with 334 AKI events.

HR Cl p
AKI stage 1 — 192 (1.48-2.49) <0.001
AKI stage 2 —_——— 275 (1.97-3.85) < 0.001
AKI stage 3 —— 3.93 (3.04-5.08) <0.001
Male sex —— 143 (1.17-1.75) < 0.001
Age -0 1.62 (1.49-1.76) < 0.001
Ethnicity: Asian ——— 1.56 (1.21-2.03) < 0.001
Ethnicity: Black ——— 1.19 (0.89-1.58) 0.24
Ethnicity: Other —_——— 1.10 (0.71-1.70) 0.68
Ethnicity: Unknown —_——— 1.01  (0.72-1.41) 0.96
IMD 5 —— 1.07 (0.80-1.43) 0.65
IMD 4 ——— 095 (0.71-1.29) 0.76
IMD 3 —_——— 0.86 (0.64-1.17) 0.35
IMD 2 —_——— 095 (0.71-1.29) 0.76
Smoking e 1.28 (0.94-1.73) 0.11
Obesity —e— 1.21  (0.96-1.53) 0.10
CKD —— 1.01 (0.81-1.26) 0.90
HTN ——— 1.36 (1.01-1.83) 0.04
Diabetes —0— 1.20 (0.97-1.47) 0.09
1 2 3 4 56

FIGURE 2: Forest plots comparing 30-day survival by stage of early AKI com-
pared with no early AKI, results from multivariable analysis. IMD (1, most de-
prived, as reference), obesity defined as BMI>30kg/m? White ethnicity as
reference, CKD, defined as baseline eGFR <60 mL/min/1.72m? Age modelled
per 10-year increment. Effect sizes shown as HRs with 95% Cls. This model
includes 1561 patients who had complete data on all covariates with 442
deaths by Day 30.

330.0mg/L persistent, 199.0 mg/L relapsed and 179.0 mg/L re-
covered). Baseline risk factors for early AKI were also more fre-
quent in patients with late compared with no AKI. In
multivariable logistic regression, survival to 90days was
worst for persistent AKI [OR 7.57 (4.50-12.89), P <0.001]
(Supplementary data, Figure S7).
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FIGURE 3: Kaplan-Meier plot showing survival to 90 days by stage of early AKI.

Secondary outcomes

There was no clear evidence for any interaction between ethnic-
ity and early AKI on 30-day survival (P=0.60). Patients with
early AKI had higher serum creatinine values throughout ad-
mission, with an increasing trend with increasing severity of
AKI (Supplementary data, Figure S2A, B, E and F). Compared
with baseline, creatinine values on discharge were significantly
higher in patients with Stage 3 AKI (median 2.0 versus 1.1,
P <0.001), whereas for patients without AKI they were signifi-
cantly lower (median 0.8 versus 0.9, P <0.001) (Supplementary
data, Figure S2A and C). Where available (n=721) post-dis-
charge creatinine closest to Day 90 remained significantly lower
than baseline (0.9 versus 1.0), whereas values in patients who
experienced early AKI did not significantly differ from baseline
(Supplementary data, Figure S2B and D). Patients with increas-
ing severity of early AKI had lower age- and sex-adjusted sur-
vival and worse MAKE90 outcomes (Supplementary data,
Figures S4 and S5). MAKE90 outcomes were principally driven
by mortality and need for RRT in Stage 3 AKI (Table 1). Of 30
patients who required RRT and survived hospital admission, 5
remained dialysis-dependent at discharge. Admission to ICU
occurred in 338/1853 (18.2%) and need for ICU admission, and
mechanical ventilation on ICU were all significantly associated
with incidence and severity of early AKI (Supplementary data,
Figures S8 and S9). Of 338 patients admitted to ICU, 166 (49.1%)
had early AKI with a further 36 (10.6%) developing late AKI after
Day 7. In the ICU, 92.2% of patients with early AKI received inva-
sive mechanical ventilation compared with 66.3% without
(Table 1). Patients with early AKI had longer hospital and ICU
lengths of stay and lower proportions discharged to their usual
place of residence (Table 1).

Sensitivity analyses

Analyses were repeated in 1179 patients with measured base-
line creatinine values (Supplementary data, Table S4 and
Figures S10-S12). Overall associations of AKI were similar.
However, baseline CKD became a significant association of de-
velopment of early AKI [OR 1.64 (1.13-2.38), P=0.009].
Associations with survival were similar, although in these anal-
yses, the risk of death associated with AKI Stage 2 was compara-
tively greater.
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DISCUSSION

In our cohort of the first wave hospitalized patients, one in four
COVID-19 patients developed early AKI and a further 8% devel-
oped late AKI. Over a third of early AKI cases were of Stage 3 se-
verity using KDIGO grading. Importantly, adverse outcomes
were strongly associated with increased severity and persis-
tence of AKI. The majority of early AKI was persistent, meaning
45.6% of early AKI patients surviving to Day 7 fulfilled criteria
for AKI by the continued presence of a serum creatinine >1.5-
fold baseline or need for RRT [21]. Importantly, persistent AKI
was most strongly associated with ongoing risk of death. In ad-
dition, after Day 7, relapsed AKI after initial recovery and late
AKI were both associated with worse outcomes compared with
recovered early AKI.

Rates of early COVID-19-associated AKI in this study are
similar to previous studies in Europe and the USA [8, 15, 30]. As
in many previous studies, early AKI was associated with poorer
short-term survival [7, 30-32]; however, severity and duration of
AKI are clearly interlinked with aspects of the underlying
COVID-19 disease process. This supports a comparative study of
COVID-19 and non-COVID-19 hospitalized patients, which dem-
onstrated a higher incidence of AKI and a disproportionate bur-
den of severe AKI in COVID-19 patients [33].

Baseline risk factors for early AKI such as older age, male sex
and diabetes in this study support those of previous studies for
both COVID-19 and non-COVID-19 AKI [1, 11, 15, 34]. However,
we found that different demographic and comorbidity profiles
were associated with higher risk of COVID-19 AKI. In particular,
male sex and diabetes were associated with greater adjusted
risk, suggesting that AKI could be a complication partially medi-
ating risk of death in these subgroups previously identified as
being at higher risk of death in COVID-19. We also demonstrate
that patients of Black ethnicity were at higher risk of developing
AKI and more severe AKI as shown in other cohorts; this may be
linked to a higher prevalence of CKD in Black populations, as
this association disappeared in favour of CKD when only
patients with known baseline creatinine were considered [9].
Similarly, more persistent or relapsing AKI trajectories were
also seen in Asian patients who developed early AKI, reflecting
a less benign course of AKI in this group. Furthermore, the prev-
alence of diabetes and CKD were significantly greater at youn-
ger ages in Asian and Black patients, respectively, potentially
increasing risk of AKI in these populations. These observations
suggest that patients of Black and Asian backgrounds could in
part be at greater risk of death in COVID-19 due to greater preva-
lence of measured and unmeasured risk factors for develop-
ment and progression of AKI.

Our finding that high CRP values were associated with devel-
opment, greater severity and worse trajectories of AKI support
hypotheses underlying hyperinflammatory and cytokine re-
lease syndrome-mediated damage to kidneys in COVID-19 [9, 14].
Some of this dysregulated immune response may be mediated
through lung-kidney cross-talk and associations with other
markers of systemic disease such as ferritin and p-dimer, and
measures of severity of pulmonary disease could help elucidate
pathophysiological mechanisms involved [35]. Of particular im-
portance would be if these processes were modifiable through
management strategies such as lung-protective ventilation [15].

As the impact of COVID-19 continues with surges of cases,
limited hospital resources including dialysis availability need
to be taken into consideration. Identifying and classifying AKI
by timing and trajectory may help in tailoring patient moni-
toring, initiation of AKI prevention and treatment strategies,

and timely consideration of patients who will benefit from
RRT [30, 31].

Little is known currently about long-term outcomes and kid-
ney recovery after COVID-19 AKI, with only a small number of
studies reporting post-hospital outcomes [36]. Reported recov-
ery of kidney function and dependence on RRT following hospi-
tal admission has been variable, with recovery at 41-65% and
RRT dependence at 8-33% [37-39]. While the majority of
patients in our study who received RRT and survived recovered
independent kidney function, and the number of patients with
worsened kidney function at follow-up was small, assessment
of kidney function in COVID-19 survivors is likely to be complex.
In individual patients, there was considerable variability in se-
rum creatinine at follow-up, with some, both with and without
early AKI, developing new significantly elevated creatinine
compared with baseline. Conversely, many other patients, in all
AKI categories, had creatinine levels substantially lower than
baseline both at hospital discharge and afterwards. This sug-
gests that both worsened renal function and substantial loss of
muscle mass (and creatinine generation) may be occurring in
COVID-19 survivors, potentially confounding assessment of kid-
ney function by serum creatinine in COVID-19 survivors.
Longer-term follow-up is required to better understand recovery
mechanisms for COVID-19 AKI, which may differ from other
forms of AKI [30]. This may require methods for assessing renal
function that are less confounded by the effects of prolonged
major illness, such as cystatin-c [40].

Strengths and limitations

This study comprises a comprehensive analysis of the epidemi-
ology and timing of COVID-19-associated AKI in a large and eth-
nically diverse urban population. The detailed dataset allowed
inclusion of multiple demographic and baseline risk factors into
multivariable analyses. However, more data on differences in
clinical management, medication use including pre-existing re-
nin-angiotensin system blockade, ventilation and haemody-
namic parameters could help to identify specific AKI causes.
The follow-up period was longer compared with the majority of
previous reports, however important long-term outcomes such
as development and progression of CKD and ESKD over the fol-
lowing years are not yet available. Definitions of AKI were based
only on biochemistry results and there were no data on urine
output or other markers of kidney health including proteinuria.
Furthermore, imputation of baseline creatinine values was re-
quired for 675 (36.4%) patients lacking pre-admission results;
however, this was a much smaller proportion compared with
many other AKI studies and we carried out a sensitivity analysis
excluding those with unknown baseline. Finally, while AKI is
associated with adverse outcomes and we hypothesize that it
could be an important pathway in mediating risk of death and
severity of illness in COVID-19, the direction of causality in
these associations cannot be proven in an observational study.

CONCLUSIONS

Characterization of COVID-19 AKI by timing and trajectory
could help risk stratification and target monitoring, prevention
and treatment strategies. This study highlights the continued
need for vigilance and monitoring of AKI throughout all stages
of COVID-19, especially in subgroups with higher risk of death
in the disease. Finally, longer-term follow-up and better under-
standing of kidney recovery after COVID-19 is warranted as out-
comes are currently unclear.
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