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Supplementary Figure 1: Flow chart of eligible patients

	
	ALL=576
	COVID 19- = 319
	COVID 19+ = 257

	AKI stage
	1
	2
	3
	Died
	1
	2
	3
	Died
	1
	2
	3
	Died

	1 (24hrs)
	297 (70.4%)
	54(12.8%)
	71(16.8%)
	117(27.7%)
	189(81.1%)
	32(13.7%)
	12(5.2%)
	27(11.6%)
	107(56.9%)
	22(11.7%)
	59(31.4%)
	90(47.9%)

	2 (24hrs)
	0
	55(59.1%)
	38(40.9%)
	44(47.3%)
	1
	35(70.0%)
	14(28%)
	14 (28%)
	0
	20(45.5%)
	24(54.6%)
	30(68.2%)

	3 (24hrs)
	0
	0
	55 
	23(41.8%)
	0
	0
	30
	9(30%)
	0
	0
	25
	14(56%%)

	Missing
	4
	0
	2
	2
	4
	0
	2
	2
	0
	0
	0
	0



Supplementary Table 1: Descriptive table of AKI patient disease progression during hospital stay; overall and stratified by COVID status. A visual display of all possible transitions can be seen in Figure 2.
[bookmark: _Hlk80717812]Overall, 12.8% of those diagnosed with AKI stage 1 within 24 hours progressed to stage 2 and 16.9% to stage 3 during their hospital/ICU stay. However, whilst progression to stage 2 was comparable in COVID- (13.7%) and COVID+ patients (11.7%), progression from AKI stage 1 to stage 3 was vastly different amongst the two groups; 5.2% in COVID- vs. 31.4% among COVID+ patients. Likewise, progression from AKI stage 2 diagnosis within 24 hours since admission to AKI stage 3 was different in the two groups; 28% in COVID- vs. 54.6% in COVID+ patients.
Overall, 9.5% patients were diagnosed with stage 3 AKI within 24 hours and remained so and the figure was not very different between the two groups defined by COVID status. However, in those diagnosed with AKI stage 3 within 24hours, 14/25 (56%) died amongst COVID+ compared to 9/30 (30%) in COVID- patients.
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Supplementary Figure 2: Descriptive flow chart describing all possible transitions in AKI patients from 24 hours diagnosis throughout their hospital stay. Only the most severe AKI stage (referred to as peak AKI stage) ever recorded during hospital stay is considered a potential transition state. Final states are either death or discharge - considered a stable state in which the patient can leave the hospital.



	
	COVID-
	COVID+

	
	DISCHARGE
	DEATH
	DISCHARGE
	DEATH

	 
	DAY 7
	DAY 14
	DAY 7
	DAY 14
	DAY 7
	DAY 14
	DAY 7
	DAY 14

	ALL
	44% (38%, 49%)
	66% (61%, 71%)
	8% (5%, 12%)
	19% (14%, 24%)
	10% (7%, 13%)
	13% (10%, 17%) 
	19% (14%, 24%)
	33% (28%, 39%)

	

	AKI 1
	51% (43%, 57%)
	76% (70%, 82%)
	5% (2%, 8%)
	6% (3%, 10%)
	15% (9%, 22%)
	32% (23%, 41%)
	14% (8%, 21%)
	22% (15%, 31%)

	AKI 2
	37% (26%, 49%)
	63% (50%, 73%)
	18% (10%, 28%)
	21% (12%, 31%)
	10% (3%, 21%)
	19% (9%, 32%)
	21% (11%, 35%)
	33% (20%, 48%)

	AKI 3
	28% (17%, 39%)
	38% (26%, 50%)
	21% (11%, 32%)
	28% (17%, 39%)
	1% (0.8%, 5%)
	6% (2%, 11%)
	22% (15%, 30%)
	45% (36%, 54%)




Supplementary Table 2: The dynamics of discharge and death in AKI patients as estimated by the competing risk model. The figures represent the cumulative risk of death and discharge on day 7 and 14 stratified by COVID-19 status and further by AKI peak stage that patients reached during their hospital stay. A more detailed visual display can be seen in Figure 2.















	
	
	COVID-
	COVID+

	FROM
	TO
	DAY 7
	DAY 14
	PEAK DAY
	PEAK VALUE
	DAY 7
	DAY 14
	PEAK DAY
	PEAK VALUE

	AKI 1
	AKI 2
	3% (1%, 5%)
	2% (1%, 4%)
	Day 2
	9% (6%, 12%)
	3% (1%, 5%)
	4% (2%, 7%)
	Day 2
	5% (3%, 8%)

	
	AKI 3
	6% (3%, 9%)
	3% (1%, 5%)
	Day 6
	7% (4%, 10%)
	22% (17%, 27%)
	17% (12%, 22%)
	Day 8
	24% (19%, 30%)

	
	DEATH
	8% (6%, 11%)
	11% (8%, 14%)
	Day 33
	13% (9%, 16%)
	22% (17%, 27%)
	36% (31%, 42%)
	Day 33
	50% (44%, 56%)

	
	DISCHARGE
	71% (66%, 75%)
	80% (76%, 84%)
	Day 36
	86% (83%, 89%)
	27% (21%, 32%)
	35% (29%, 40%)
	Day 40
	47% (41%, 52%)

	AKI 2
	AKI 3
	16% (9%, 23%)
	8% (3%, 12%)
	Day 4
	19% (11%,27%)
	32% (22%, 42%)
	23% (15%, 30%)
	Day 6
	34% (24%, 45%)

	
	DEATH
	22% (16%, 28%)
	25% (20%, 32%)
	Day 31
	29% (23%, 36%)
	30% (21%, 39%)
	44% (35%, 53%)
	Day 28
	63% (54%, 72%)

	
	DISCHARGE
	56% (49%, 63%)
	63% (56%, 70%)
	Day 33
	69% (62%, 75%)
	19% (11%, 27%)
	23% (15%, 32%)
	Day 40
	33% (24%, 41%)

	AKI 3
	DEATH
	28% (23%, 33%)
	30% (25%, 35%)
	Day 31
	32% (27%, 37%)
	42% (33%, 50%)
	50% (42%, 58%)
	Day 33
	59% (51%, 68%)

	
	DISCHARGE
	62% (57%, 68%)
	65% (60%, 70%)
	Day 28
	67% (62%, 72%)
	33% (24%, 43%)
	35% (25%, 44%)
	Day 40
	38% (29%, 47%)



Supplementary Table 3: The estimated probabilities of all possible transitions and their 95%CIs from the initial 24 hours diagnosis on day 7 and 14 since admission stratified by COVID-19 status. The estimates are nonlinear with time since admission hence, to understand the AKI progression dynamics, we present the estimated peak probabilities and the first day these are achieved – potentially before their value saturate which is specific to death or discharge. A visual display of daily transition probabilities can be seen in Figure 4.
	Time (days)
	Percentiles
	AUC
	95%CI for AUC

	4 
	25%
	50.47
	(40.55, 60.39)

	9
	50%
	63.27
	(56.46, 70.09)

	17
	75%
	74.15
	(68.54, 79.76)

	29
	90%
	76.18
	(70.98, 81.37)

	40
	95%
	77.10
	(72.05, 82.15)

	85
	99%
	77.10
	(73.00, 81.16)

	169
	100%
	77.13
	(73.05,81.20)


Supplementary Table 4; Time-dependent ROC analysis indicating the discrimination power of the prognostic competing risk model developed in Table 2 by the analysis time centiles. The discrimination power starts to be meaningful after 40 days and, after the study ended, is consistent with a ROC analysis of an equivalent logistic regression with similar predictors which additionally explicitly accounts for the length to death/discharge in this cohort (~78%).


Supplementary Material – Meta Analysis
Methods  
Data collection 

Patient data
Data were collected for all adult patients aged over 18 years admitted to St George’s Hospital between 13/03/2020 and 13/05/2020, where AKI was detected by an algorithm, monitoring changes in measured serum creatinine during their hospital stay within this timeframe, and reported in the electronic patient record (EPR).  All patients with AKI stages 1, 2 and 3 were identified by serum creatinine parameters, as defined by KDIGO AKI guidelines(1) – by an increase in serum creatinine to 1.5-1.9 times baseline value (AKI Stage-1), 2.0-2.9 times baseline value (AKI Stage-2) or 3.0 times baseline value (AKI Stage-3).  AKI could not be categorized according to urine output, as this was not consistently documented. Electronic notes of all selected patients were reviewed by two senior renal trainees and one AKI clinical nurse specialist.  All data including demographics, co-morbidities, laboratory parameters, requirement of KRT, admission to the ICU, complications during admission (e.g. thrombotic events) and patient outcome (discharge or death) were obtained from the EPR.  Baseline serum creatinine was approximated by averaging as many historical creatinine values as were available. 

All patients within the cohort had COVID-19 status determined by PCR of a throat swab sample.  In total, 953 AKI cases were identified by the EPR. Of these, 347 cases were excluded, for example due to patients already being established on KRT, cases identified outside the specified timeframe, or who were not determined as true AKI on direct review; the latter was determined by clinical expertise.  A total of 576 patients met the inclusion criteria, and were included in the final data analysis.    
Systematic review
Studies published between 16/5/2020 and 2/3/2021 were identified by searching PubMed, Medline and EMBASE databases for articles using the following keywords: (1) COVID-19 OR SARS-CoV-2 OR 2019-nCoV, (2) Acute kidney injury OR Acute renal injury OR AKI OR Creatinine OR Urine output OR Laboratory characteristics, (3) (1) AND (2).   Studies that assessed outcomes of AKI in COVID-19 patients, where population size was greater than 100 patients were included in the meta-analysis. Studies with fewer than 100 patient cases, case reports, those published in abstract form only, and those not published in English. In total, 48
 articles met the inclusion criteria, and comparative analyses were performed (Supplementary Fig. 3).
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Supplementary Figure 3:  The meta-analysis flow chart

Studies heterogeneity was explored, and the following questions investigated through meta-analyses of AKI in COVID data from the overall hospital, and ICU specific patients: 
· the risk of AKI+ in COVID+ patients
· the case fatality ratio in AKI + COVID+ patients 
· the relative risk of death for AKI+ vs AKI- in COVID+ patients
· the relative risk of death for COVID+ vs. COVID- patients where available.

The purpose of this systematic review and meta-analysis was to derive a potential pooled estimate for the risk of COVID-19 in AKI patients and/or to understand sources of heterogeneity which may arise between studies.  Classical sources of heterogeneity include different populations and study designs, albeit addressing similar questions. Specific sources include the extent and size of the pandemic, and various contingency measures in the general population, the timing of hospital data collection (at the beginning or more recent), geographic location, lack of variability or changes in guidelines for disease diagnosis and management. 

Study heterogeneity was explored, and estimates obtained for the overall hospital, and for ICU-specific patients for: the risk of AKI amongst COVID+ patients, the case fatality ratio for AKI in COVID+ patients, the relative risk of death for AKI vs no AKI in COVID+ patients, and the relative risk of death for COVID+ vs. COVID- patients where this was available.

Furthermore, meta-regression was applied to account for the effects of geographical region, age, gender, ethnicity and the length of study data collection, attempting to explain some of the variability between studies.

Studies were classified upon geographical location as from China (14 studies), US (15 studies), Europe (5 studies), Middle East/India (5 studies) and South America, South Korea and UK with 3 each. Age groups have been defined as mean age reported as follows: <=55, 55-60, 61-65, 66-70 and 71-80 years.

A gender group was defined as male- or female-dominated if the proportion of men or women was greater than 0.5, respectively.  A group defined by the length of data collection (with no evidence of any correlation with study size) was also considered: <30 days, 31-45, 46-60, or 61-90 days.

The unprecedented nature of the SARS-COV-2 virus, and the variability in severity of the clinical manifestations of COVID-19, lack of guidelines for disease management and control during the first wave of the epidemic added an extra layer of complexity and may explain a great deal of heterogeneity between studies during this timeframe.

A random effects logistic model was employed, which allowed for both between and within-study variability to be modelled using the binomial distribution to binary outcomes. The uncertainty was computed as 95% confidence intervals using the score statistic and the exact binomial method and incorporated the Freeman-Tukey double arcsine transformation of proportions(2).

Heterogeneity has been assessed and discussed using I-squared values associated with the analyses. Further meta-regression using grouping based on geographical location and population structure (age, gender and ethnicity, hospital or intensive care units only patients) are discussed. 

All analyses have been carried out in Stata 17 (StataCorp. 2019, Stata Statistical Software: Release 17; StataCorp LLC, College Station, TX) and R (R Core Team (2021). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria, URL https://www.R-project.org/.)



Statistical Methods
 
Patient data analysis

Data summary
All the available variables have been graphically explored and summarized according to their nature, i.e., means, SDs, medians, interquartile limits and ranges for continuous variables, and proportions for those that were categoric or binary. Log transformation has been performed for highly skewed variables, where appropriate, partly to reduce the variability of a measurement and partly to bring it closer to normal distribution. 
Overall case fatality ratios – Logistic regression models
[bookmark: _Hlk108969005]A simple binary logistic regression estimated the overall case fatality ratios in AKI patients, stratified by COVID status and AKI peak stage. This approach ignored the hospital dynamics of death and discharge as well as patients’ daily progression dynamics to more severe AKI stages or death. 
Hospital outcomes and dynamics (death or discharge) - Competing risk models
The risk of death in AKI patients controlled by both COVID-19 status during hospital stay and AKI peak stage was investigated.  A competing risk model was employed - an extension of survival analysis paradigm which, unlike the logistic regression above, intrinsically considers the length of time to hospital discharge or death. Namely, death is the primary statistical event of interest, and hospital discharge is assumed to be a competing event. The analyses modelled the time since admission to discharge or death during care using the Fine and Gray method for competing risk. Potential intermediate states such as AKI peag stage are ignored for this approach. Minimally adjusted competing risk models (accounted for COVID status and AKI peak stage), i.e. sub-distribution hazard ratio (SHR) models have been fitted to the data to quantify the additional effects of each available variable on the risk of death through SHR(3). An SHR value >1 indicates a harmful effect of the corresponding explanatory variable, <1 indicates a protective effect. Furthermore, a steep increase in the cumulative incidence functions with time since admission corresponding to death indicates a rapid deterioration in patients who died. A p-value <0.05 is interpreted as a statistically significant association. Predicted cumulative incidence functions are similar to the cumulative distribution functions in classic survival analysis and indicate the daily cumulative rate of death or discharge since admission overall and stratified by COVID status and AKI stage. The effect of the rest of the variables on death are also controlled by these two defining features of the patients. Also, although qualitatively similar, the advantage of using SHR over logistic regression models lies in the ability of the former to provide insights into the dynamics of death and hospital discharge in this population, i. e. inherently accounting for the time since admission to discharge or death. 

Accounting for AKI stage at admission and AKI peak stage – Multi state models
A third approach benefited from the acquisition of the peak AKI diagnosis date, in addition to the diagnosis of AKI within 24-hours of admission. As such, a multi-state model has been fitted, in which the peak AKI stage is deemed a potential intermediate state between the initial AKI diagnosis, and the final so-called absorbing states, which can be either death or discharge from hospital. This is different from the previous competing-risk model approach, which does not allow for intermediate states, and provides extra insight into the dynamics of AKI disease progression, stratified by COVID status.  The probabilities of progression from AKI Stage-1 to AKI Stage-2 or 3 have been derived, as well as those of discharge or death, from AKI Stage-2 to AKI Stage-3, discharge or death and from AKI Stage-3 to discharge or death(3). 

A prognostic model for death
A multivariable prognostic models have also been built for death as binary outcomes, a competing-risk parsimonious model. The discrimination power of this prognostic model has been assessed by time-varying ROC (receiver operator characteristic) type analyses through area under the curve (AUC). The latter measures the discrimination power of a particular model - i. e. based on the information of its set of predictors the probability, that is the probability of correctly discriminate between a patient who will die or who will be discharged. Moreover, the competing risk model allows time varying ROC (AUC) evaluation which we did at different time points suggested by the centiles of the length of stay distribution.  The theoretical statistical framework and procedure for time-varying circumstances and competing risks is described by Blanche et al 2013(4), and subsequently implemented within a comprehensive “timeROC”(5) package updated in 2022 which we have used for our results.  

Model choice was based on the Akaike information criterion (AIC: the smaller the value, the better the model), used on a similar number of observations in the data. Sensitivity analyses on missing data have been conducted; these results are not shown or discussed, as they did not alter the qualitative or quantitative conclusions made based on complete observations. 

Meta-analysis detailed results 

The risk of AKI in COVID+ hospital patients (48 papers)
Overall, the risk of AKI in COVID+ hospital patients was estimated at 0.30(0.24, 0.37), but exhibited values between 0.005–0.99 in studies, and hence an I-squared (a measure of heterogeneity between studies) of 99.65%. Further analysis suggested differences in geographical regions (p<0.001), and by gender dominance (p<0.001), although variability within regions remains very high (I2>90%). These data are consistent with no difference between grouping defined mean age values (p=0.488), or length of data collection (p=0.06), but there was high within-group variability (6–58).
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Meta-analysis Figure 1
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Meta-analysis Figure 2
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Meta-analysis Figure 3
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Meta-analysis Figure 4
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Meta-analysis Figure 5
Geography/Region 
Broken down by region, some evidence of consistency in Europe can be seen after discarding Russo (2021) and Portoles (2020) from the list, which seems to be associated with high variability between studies. Therefore, based on 3 relatively homogeneous studies (I2=21.2%), the risk of AKI in COVID+ is 0.45(0.41-0.50), which differs from 0.38(0.29-0.47), based on all 5 heterogeneous studies found in Europe amongst all hospital patients. 
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Meta-analysis Figure 6
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Meta-analysis Figure 7
Middle Eastern and Indian studies show a risk of 0.26(0.23, 0.29), after eliminating Yildirim (2021), which was associated with an increase of the I2 value from 23% to 96.3%. 
Amongst South American studies, the estimate is 0.56(0.49,0.62), accepting a moderate level of heterogeneity (57%).
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Meta-analysis Figure 8
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Meta-analysis Figure 9
The South Korean studies exhibit a high level of heterogeneity (I2= 98.6%), as do the UK studies (I2=97.8%) with an estimate of 0.33(0.19-0.48).

Heterogeneity amongst the Chinese studies seems to be associated with gender (p<0.001), the AKI risk is 0.44(0.39,0.49) based on male-dominated populations, in which the heterogeneity seems to have dropped to 67%, suggesting that female-dominated hospital populations exhibit greater heterogeneity. Grouping defined by age seems to be different in the female-dominated group, but still manifested much heterogeneity, leading to inconclusive results.
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Meta-analysis Figure 10
American studies are consistent with similar levels of heterogeneity when grouping them by gender dominance (p=0.234), whilst ethnicity and study length seems to exhibit some differences (p<0.001), although the within group variability remains high (p<0.001).  When split by gender × ethnicity, high heterogeneity is exhibited in non-white female- dominated studies, although the other three groups consist of 2-3 studies.
 
The risk of AKI in COVID+ patients on the ICU
 
Heterogeneity between studies remains high (96.4%). The ICU studies are all male- dominated, i.e., >50% of the patients are male. Differences between regions are assessed (p=0.009), and ICU studies from China seem to have some consistency (I2=67%), and an estimate of 0.44(0.39,0.49). The length of study collection grouping does not provide further insight either (p=0.06).

The case fatality ratio in all COVID+ hospital patients  

Acknowledging a high level of heterogeneity between studies, the risk of death amongst COVID+ patients is estimated at 0.21(0.17,0.25). 
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Meta-analysis Figure 11
Regions seem to be exhibit differences (p<0.001), but within regions, the heterogeneity remains high, or the number of studies is less than 3. 
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Meta-analyses Figure 12
Whilst age grouping seems to exhibit some differences (p<0.001), grouping by study duration does not seem to explain differences in the case fatality ratios (p=0.677). Four studies in Europe with little heterogeneity (p=0.66) between them suggests a case fatality ratio of 0.34 amongst COVID+ patients, and amongst studies from the Middle East/Indian region with an acceptable level of inter-study heterogeneity (I2=66%) suggests a case fatality ratio of 0.17 (0.13, 0.21).

The remaining 3 studies compared outcomes of patients with AKI in both COVID+ and COVID- patients, allowing more detailed comparisons to be made with these studies.  All 3 studies identified male gender, non-Caucasian ethnicity, admission to ICU for mechanical ventilation and/or KRT as common factors amongst AKI patients who were COVID+, compared with COVID- patients, findings that were consistent with this study.  Some other risk factors associated with COVID+ status amongst AKI patients included diabetes mellitus, obesity, CKD and older age(32,34,48). 

All 3 studies also showed a higher mortality amongst COVID+ patients, compared with COVID- which was similarly consistent with this study(32,34,48).  The case-fatality ratio of patients with AKI who were COVID+ in this dataset (52%), is comparable to Kolhe et al (60.5%), although elevated compared with Moledina (29.6%) and Fisher (33.7%).  Interestingly, the two North American studies showed a similarly lower case- fatality.  Differences might arise due to differences in patient management, (where there were at that time no standardised guidelines for the management of COVID-19).  Neither Kolhe, Moledina nor Fisher outline patient management in great detail, so it is not possible to directly compare these.  The COVID+ patients in this study were largely offered supportive management.

Limitations of this study included not utilizing urine output in classifying AKI Stage; this was not possible due to variable documentation of fluid balance.  AKI stage was calculated using serum creatinine values compared with the baseline serum creatinine, approximated from historical creatinine results, as defined by KDIGO AKI guidelines(1). 
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