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Abstract

Introduction Multisystem inflammatory syndrome (MIS-C) is a rare paediatric hyper-inflammatory disorder that occurs fol-
lowing SARS-CoV-2 infection. Acute kidney injury (AKI) occurs in approximately one-quarter to one-third of the patients
with MIS-C and is associated with poor prognosis in critically ill children. This systematic review is aimed to evaluate the
incidence of AKI, mortality, and the need for kidney replacement therapy (KRT) in patients with MIS-C.

Methods We searched databases from Medline, EMBASE, Cochrane Register, and Google Scholar from December 2019
to December 2021 with our search strategy. Studies meeting the following criteria were included in this systematic review:
(1) articles on AKI in MIS-C; (2) studies providing AKI in MIS-C and COVID-19 infection separately; (3) studies reporting
outcomes such as mortality, KRT, serum creatinine; length of hospital/ICU stay.

Quality assessment The quality of the included studies was independently assessed by using the National Heart Lung and
Blood Institute (NHLBI) quality assessment tool for cohort studies and case series.

Statistical analysis Outcomes and their 95% confidence intervals (CI) were reported if a meta-analysis of these outcomes
was conducted. Heterogeneity was reported using I statistics, and heterogeneity > 50% was considered high. We used
Baujat’s plot for the contribution of each study toward overall heterogeneity. In sensitivity analysis, the summary estimates
were assessed by repeating meta-analysis after omitting one study at a time. Forest plots were used for reporting outcomes
in each study and with their 95% CI. All statistical tests were performed using R software version 4.0.3.

Results A total of 24 studies were included in this systematic review and of these, 11 were included in the meta-analysis. The
pooled proportion of patients with MIS-C developing AKI was 20% (95% CI: 14-28%, I* = 80%). Pooled proportion of
death in children with MIS-C was 4% (95% CI: 1-14%; 2 = 93%). The odds of death in patients with AKI were 4.68 times
higher than in patients without AKI (95% CI: 1.06-20.7%; I* = 17%). The overall pooled proportion of MIS-C-induced AKI
patients requiring KRT was 15% (95% CI: 4-42%; I* = 91%).

Conclusion Approximately one-fifth of children with MIS-C develop AKI which is associated with higher odds of death.
PROSPERO registration: CRD42022306170
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Incidence of MIS-C is nearly 3.16 cases per 10,000 SARS-
CoV-2-infected persons [3]. Different scientific societies,
like the Centers for Disease Control (CDC), World Health
Organization (WHO), and Royal College of Paediatric and
Child Health (RCPCH), have proposed diagnostic criteria
[4-6]. MIS-C is thought to result from infection-related
autoimmunity [7]. Reports from different parts of the world
have shown an overlapping clinical picture of MIS-C with
incomplete Kawasaki disease or toxic shock syndrome (TSS)
[8] and multisystem involvement, including acute kidney
injury (AKI) [9].

AKI occurs in approximately 25 to 33% of the patients with
MIS-C [10, 11] and is associated with poor prognosis in criti-
cally ill children [10]. The mechanism of AKI in SARS-CoV-2
patients is multifactorial, including dehydration, poor cardiac
output, cytokine storm, the direct cytopathic effect of the virus
on renal tubular cells, and the use of nephrotoxic drugs. How-
ever, the mechanism implicated in AKI development in MIS-C
patients is chiefly due to renal hypoperfusion [11, 12].

There is a lack of data on AKI incidence, its effect on
mortality, and the requirement of kidney replacement ther-
apy (KRT) in children with MIS-C [10, 11, 13]. This sys-
tematic review is aimed to evaluate the incidence of AKI,
mortality, and the need for KRT in patients with MIS-C.

Methods
Data sources

We searched databases from Medline, EMBASE, Cochrane
Register, and Google Scholar from December 2019 to
December 2021. The following search strategy was used for
the extraction of data ‘((((((acute kidney injury) OR (acute
renal failure)) OR (renal failure)) AND (multisystem inflam-
matory syndrome)) OR (MIS-C)) OR (pediatric multisystem
inflammatory syndrome)) OR (PIMS covid)’.

Inclusion criterion

Studies meeting the following criteria were included in
this systematic review: (1) articles on AKI in MIS-C; (2)
studies providing AKI in MIS-C and COVID-19 infection
separately; (3) studies reporting outcomes such as mortality,
KRT, serum creatinine; length of hospital/ICU stay. Studies
were excluded if they were case reports, case series with
the inclusion of < 10 patients, review articles, letters, or
commentaries.

Data extraction

Two authors (AT and RKP) independently reviewed the lit-
erature, title, abstract, and full-text article. Any disagreement
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during the data extraction was resolved by discussing with
the third author (GCB). Data related to AKI incidence, over-
all mortality, the need for KRT, and length of hospital stay
were calculated.

Quality assessment

The quality of the included studies was independently
assessed by two authors (RKP, AK) using the National Heart
Lung and Blood Institute (NHLBI) quality assessment tool
for cohort studies and case series. Any disagreement was
resolved by consulting with a third author (GCB).

Statistical analysis

The systematic review was performed according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
analysis (PRISMA). Outcomes and their 95% confidence
intervals (CI) were reported if a meta-analysis of these out-
comes was conducted. Heterogeneity was reported using >
statistics, and heterogeneity > 50% was considered high. In
case of high heterogeneity, the random-effects model was
used. We used Baujat’s plot for the contribution of each
study toward overall heterogeneity [14]. In sensitivity analy-
sis, the summary estimates were assessed by repeating meta-
analysis after omitting one study at a time. The influence of
an individual study on overall results was identified by using
various statistical tests, including studentized residuals, dif-
ference in fits (DFFITS), Cooks distance, covariance ratio,
tau square, and the contribution of each study in the Q, H2
test statistics value and the weights assigned to these studies
[15]. Forest plots were used for reporting outcomes in each
study with their 95% CI. All statistical tests were performed
using R software version 4.0.3 and Revan 5.4.

Results

The search strategy yielded 5848 records. After removing
duplicates, 3197 records were screened. After reading the
title and abstract, 2943 were excluded. After going through
the full text of 254 studies, 230 records were excluded due to
the following reasons: case reports (n = 107), studies did not
mention AKI (n = 88), case series with less than 10 cases
(n = 17), and miscellaneous (n = 18). Finally, 24 studies
were included in the systematic review — of these, 11 were
included in the meta-analysis (Fig. 1). Multiple single-centre
and multicentric studies published during the time period
were considered for this meta-analysis, and there was a con-
siderable overlap of data. To avoid duplication of data, we
only included the nationwide multicentric studies which had
collected data from single-centre studies, after confirming
with the respective authors.
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A total of 24 studies with 6186 children were included
in the systematic review, and of these, 11 studies with
4947 children were included in the meta-analysis. Four-
teen of these studies were multicentric [10, 11, 16-27],
and 10 were single-centre studies [12, 28-36]. Twelve
studies were conducted in the USA [10, 12, 16, 21, 23,
24,27-29, 31, 32, 36], 2 in the UK [11, 19], 2 in Spain
[18, 20], and 1 each in Columbia, Brazil, and Pakistan,
respectively [17, 22, 25]. Three studies were conducted
in India [30, 33, 35], and 2 were conducted in Turkey
[26, 34]. Fourteen studies were retrospective [10, 16,
21, 22, 24, 26-29, 31, 32, 34-36], 7 were prospective
[11, 12, 17-20, 33], while 3 were prospective as well
as retrospective [23, 25, 30]. Study characteristics are
described in Table 1. A total of 11 studies were included
in meta-analysis. The detailed qualitative analysis of the
studies is provided in Supplementary Table 1 and Sup-
plementary Table 2.

The overall proportion of MIS-C children developing
AKI

All studies reported the proportion of the children devel-
oping AKI. The pooled proportion of patients with MIS-C
developing AKI was 20% (95% CI: 14-28%, I* = 80%)
(Fig. 2) (11 studies, 4947 patients). As there was unex-
plained heterogeneity, we used the Baujat plot and identi-
fied 2 studies (Deep A and Miller AD) [11, 27] as outliers
(Supplementary Fig. 1). However, no study was found to
significantly influence the heterogeneity (Supplementary
Fig. 2) on performing influential analysis. Visual inspec-
tion of the funnel plot for publication bias was symmetri-
cal, and Egger’s test was non-significant (p = 0.62) (Sup-
plementary Fig. 3). A subgroup analysis was done for
incidence of AKI based on sample size, geography, defini-
tion of AKI used (KDIGO versus others), and multicentric
versus single-centre studies. Incidence of AKI in MIS-C
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23 patients in studies with large sample size [19% (95% CI.:
R 18-20%2)] was almost similar to incidence of AKI in stud-
g; 3 ies with small sample size [21% (95% CI: 14-30%; P =
2z 3 = 76%)] (Supplementary Fig. 4). Comparing incidence of
AKI in MIS-C patients based on geography, we found
%’ that non-Asian studies had higher incidence of AKI [23%
i - (95% CI: 14-35%; I> = 90%)] as compared to Asian stud-
£ . « ies [18% (95% CI: 11-28%; I = 48%)] (Supplementary
§ w0 ¥ = &= Fig. 5). The incidence of AKI was also higher in studies
< SEE < E £ which used the KDIGO definition of AKI [24% (95% CI:
< <X = <M= 14-37%; I = 93%)] as compared to studies which used
. . Loz some other definition of AKI [18% (95% CI: 12-27%; I> =
£ & &, &, = 39%)] (Supplementary Fig. 6). There was a slightly higher
I o 03 = 0 3 . . . . .
25 - 8§ o § 255~ proportion of children developing AKI in single-centre
= g s T3 E % B g E & £ studies [23% (95% CI: 13-36%; I* = 38%)] as compared
2 5 8 8 5 g . . .
59 . 3 S E.g ks 3 E = g 8t to multicentric studies [20% (95% CI: 13-29%; I? = 87%)]
Z2E |z232°2E z5zc%F (Supplementary Fig. 7).
=2 =3
o 82 s g 2 Z
=5 S .@ o3 S o
EES |=Z E2; 2% Mortality
<L o S 0 & EZ5 .5 o
%z E o E =52 58 _=
D% |29 LEEE 33T All studies reported death in children with MIS-C. Pooled
S532%| 5% 22283 g; 3 proportion of death in children with MIS-C was 4% (95% CI:
=%584 | = =hZ ERZE=RZ £ 1-14%; P = 93%) (Fig. 3) (11 studies, 4947 patients). Due
8 -§ to unexplained heterogeneity in results, the Baujat plot was
g ;3:" used, which identified studies (Miller AD, Gupta S) [27, 35]
8 0 0 E as outliers (Supplementary Fig. 8). However, on perform-
2 g 3 £ ing influential analysis, we could not find any study signifi-
3 ? z é cantly contributing towards heterogeneity (Supplementary
£ E E § s Fig. 9). Visual inspection of the funnel plot revealed asym-
S o . . ‘g‘ metry (Supplementary Fig. 10), but Egger’s test for publica-
é % é é lsb tion bias was not significant (p = 0.27). Subgroup analysis
89 8 8 ~ of mortality was done based on sample size (large versus
g .é" § é § small), geography (Asian versus non-Asian studies), defini-
£ tion of AKI used (KDIGO versus others), and multicentric
z > E versus single-centre studies. The subgroup of smaller stud-
§ g < § ies was compared with a single large study by Miller et al.
© & = = and showed higher mortality in studies with smaller sample
(3}
= = size [5% (95% CI: 2-15%; I> = 83%)] than the study with
= < ;f larger sample size [1% (95% CI: 1-1%2)], and this result
. % 5 & was significant (Supplementary Fig. 11). Mortality was also
g Z 9‘: § higher in Asian studies [7% (95% CI: 1-32%; P = 84%)]
% E S 5 ? as compared to non-Asian studies [2% (95%CI: 1-7%; P=
2 g = S g 88%)] (Supplementary Fig. 12). Mortality was less in studies
: e . ;}? which used KDIGO definition of AKI [2% (95% CI: 0-9%;
5 = EE- é £ 2 2. 2 I* = 91%)] as compared to studies which used other defini-
5258 g £ = g :|> §9 E tions of AKI [6% (95% CI: 1-26%; I = 83%)] (Supplemen-
S = 2 = g g g £ g 5 ; 5 tary Fig. 13). The subgroup analysis based on multicentric
Q 5] QO O 1 %] 173
B ho 3 % a ? z 5 2 g»g ; i < versus single-centre study showed higher pooled mortality
£z 22 f;é E E z 2 E SE8 | % in multi-centre studies [2% (95% CI: 1-6%; I* = 83%)] as
=& S °csERed '§ compared to single-centre studies [12% (95% CI: 2-52 %;
% g 2 I* = 85%)] (Supplementary Fig. 14).
e o 3 <
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Risk of death in MIS-C patients with and without AKI

Four studies (Deep A, Acevedo L, Haslak F, Shobhavat L)
[11, 25, 26, 33] provided data on AKI in deceased patients.
The odds of death in patients with AKI were 4.68 times
higher than in patients without AKI (95% CI: 1.06-20.7;
P = 17%) (Fig. 4).

Requirement of kidney replacement therapy

Five studies reported this outcome (Deep A, Garcia-Salido
A, Acevedo L, Haslak F, Miller AD) [11, 18, 25-27]. The
overall pooled proportion of MIS-C-induced AKI patients
requiring KRT was 15% (95% CIL: 4-42%; I* = 91%)
(Fig. 5) (5 studies, 4785 patients). We used Baujat’s plot
and identified a study (Miller AD) [27] as influencing the

Fig.2 Pooled incidence of AKI Study Events Total Proportion 95%—ClI

in patients with MIS-C )
Garcia—-Salido A 9 45 — 0.20 [0.10; 0.35]
Deep A 48 116 — 0.41 [0.32; 0.51]
Dhanalakshmi K 3 19 ——— 0.16 [0.03; 0.40]
Shobhavat L 8 21 T 0.38 [0.18; 0.62]
Alkan G 5 36 —~—~— 0.14 [0.05; 0.29]
Gupta S 5 20 s 0.25 [0.09; 0.49]
Lima-Setta F 5 56 —— 0.09 [0.03; 0.20]
Falah NU 1 10 - 0.10 [0.00; 0.45]
Lorena Acevedo 23 78 — 0.29 [0.20; 0.41]
Fatih Haslak 8 76 ——— 0.11 [0.05; 0.20]
Allison D. Miller 849 4470 : 0.19 [0.18; 0.20]
Common effect model 4947 <> 0.19 [0.18; 0.21]
Random effects model —— 0.20 [0.14; 0.28]

Heterogeneity: 12 = 80%, = 0.2943,p<0.01 | T T T T 1

01 02 0.3 04 05 06
Fig.3 Overall mortality in Weight Weight
patients with MIS-C Study Events Total Proportion 95%-Cl (common) (random)
Garcia—Salido A 0 45 -+— 0.00 [0.00; 0.15] 0.9% 7.5%
Deep A 2 116 ﬁ 0.02 [0.00; 0.07] 3.5% 9.9%
Dhanalakshmi K 0 19 +——m 0.00 [0.00; 0.30] 0.9% 7.5%
Shobhavat L 3 21 i—— 0.14 [0.05; 0.36] 4.6% 10.1%
Alkan G 0 36 ﬂ* 0.00 [0.00; 0.18] 0.9% 7.5%
Gupta S 12 20 —_— 0.60 [0.38;0.79] 8.5% 10.5%
Lima—-Setta F 1 56 ** 0.02 [0.00;0.12] 1.7% 8.9%
Falah NU 0o 10 +——7-— 0.00 [0.00; 0.45] 0.8% 7.5%
Lorena Acevedo 7 78 «% 0.09 [0.04; 0.18] 11.3% 10.6%
Fatih Haslak 1 76 +— 0.01 [0.00; 0.09] 1.8% 8.9%
Allison D. Miller 37 4470 0.01 [0.01; 0.01] 65.1% 11.0%
Common effect model 4947 ¢ 0.02 [0.02; 0.03] 100.0% -
Random effects model < 0.04 [0.01; 0.14] -- 100.0%
Heterogeneity: 12 = 93%, 1° = 4.3762, p < 0.01
0.2 0.4 0.6
AKI Non AKI Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% ClI
Deep A 2 48 0 68 20.3% 7.37 [0.35, 156.95] = >
Fatih Haslak 0 8 1 68 18.0% 2.65[0.10, 70.29] ol
Lorena Acevedo 6 23 1 55 34.9% 19.06 [2.14, 169.62] e —
Shobhavat L 1 8 2 13 26.9% 0.79[0.06, 10.38] =
Total (95% ClI) 87 204 100.0% 4.68 [1.06, 20.70] et
Total events 9 4
[T 2 — . i2 — — — .12 - 0, I } } |
_Il-_letfrfogeneltyl.lT?Fl N gilz ggl(p _3(-)632,)& 3 (P=0.30); 1 17% 001 01 10 100
est for overall effect: Z = 2. =0. AKI Non AKI

Fig.4 Comparison of death in MIS-C patients with and without AKI
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Fig.5 Pooled incidence of the

Weight Weight

need for kidney replacement Study Events Total Proportion 95%-Cl (common) (random)
therapy in patients with MIS-C Garcia-Salido A 0 R — 0.00 [0.00; 0.47] 09%  12.4%
Deep A 3 48 ——— 0.06 [0.02;0.18] 5.5% 21.0%
Lorena Acevedo 9 | s — 0.39 [0.22; 0.60] 10.8% 22.5%
Fatih Haslak 4 0.50 [0.20; 0.80] 3.9% 19.9%
Allison D. Miller 42 849 0.05 [0.04;0.07] 78.8% 24.2%
Common effect model 937 & 0.07 [0.06; 0.09] 100.0% -
Random effects model _ 0.15 [0.04; 0.42] -- 100.0%

Heterogeneity: /12 = 91%, 12 = 2.1759, p < 0.01

heterogeneity. However, influential analysis did not reveal
significant heterogeneity (Supplementary Figs. 15 and 16).

Discussion

Our analysis found that one-fifth of the children with MIS-C
develop AKI and have higher odds of death as compared to
children with MIS-C without AKI. The incidence of AKI
in pediatric patients is variable, ranging from 5 to 37% in
ICU with variable requirement of KRT ranging from 20 to
23% [37, 38]. Thus, we see that patients with MIS-C have
a similar risk of AKI when compared to pediatric patients
in ICU due to other causes and their need for KRT may be
slightly less (15%), as evident by our results. Our analysis
of subgroups provided further insight into the incidence of
AKI. We found that studies which used KDIGO criteria for
diagnosis of AKI had higher incidence of AKI when com-
pared to studies which used other criteria for AKI, which is
in agreement with the previous literature.

Over the last decade, there has been a substantial change
in the definition and staging of AKI. In the present review,
out of 24 studies included for qualitative synthesis, only 21
used the term AKI. However, no definition was provided by
11 of these studies (Godfred-Cato S, Lima Setta F, Falah
NU, Haslak F, Miller AD, Lee PY, Blumfield E, Sethura-
man U, Cantor A, Shobhavat L, Dhanlakshmi K) [16, 17,
22, 26-29, 31-33, 39], 5 studies (Basalely A, Diorio C,
Acevedo L, Lipton M, Capone CA) [10, 12, 25, 36, 40]
used the KDIGO definition for AKI, while 4 studies used
other definitions. Deep et al. used age-specific upper limit
of reference values according to guidelines from the British
Association of Pediatric Nephrology for AKI due to lack of
previously known baseline creatinine values in their patients
[11]. Garcia-Salido et al. defined AKI as serum creatinine
values two times the upper normal reference for age and sex
[18]. One study each used the terms ‘renal failure’, ‘prerenal
insufficiency’, and ‘renal impairment’ (Moraleda C, Alkan
G, Gupta S) [20, 34, 35].

The study by Miller et al. was the largest, including
patients from all over the USA, and the study period encom-
passed all three waves of COVID-19. This study had 4470

T 1
0.2 0.4 0.6

cases of MIS-C, with 849 of them developing AKI, but only
42 of them required KRT. The study also provided data
about AKI in each of the three waves, with 106 patients (of
649) developing AKI in the first wave, 166 patients (of 769)
developing AKI in the second wave, and 577 patients (of
3052) developing AKI in the third wave. KRT was required
in 5, 4, and 33 patients in each wave, respectively [27].

Godfred-cato et al. used latent class analysis to divide
patients into three classes. Class 1 patients had the highest
number of organ systems involved, while class 2 patients had
predominantly respiratory involvement, and class 3 patients
had manifestations most similar to Kawasaki disease. This
report used the term AKI, but no definition was provided.
Most patients with AKI (77 of 105) were in class 1, few were
in class 2 (28 of 105), while no patient in class 3 developed
AKI [16].

Deep et al. found that severe AKI in MIS-C was associ-
ated with nephrotoxic drugs, high BMI, and high ferritin val-
ues. However, on multivariate analysis, only association with
hyperferritinemia was significant [11]. Basalely et al. also
described the use of nephrotoxic drugs as a potential exac-
erbator of AKI in MIS-C [10]. The authors also found an
association between a greater need for vasoactive medication
and a longer duration of ICU stay among MIS-C patients
who had AKI compared to those without AKI [10]. Similar
findings were reported by Deep et al., who suggested that the
duration of ICU stay and mechanical ventilation were longer
in MIS-C patients who had severe AKI [11].

A peek into the mechanism of renal injury was provided
by Diorio et al., who suggested a combination of viral infec-
tion of the cell along with complement activation and vas-
cular injury as the cause. Elevations in sC5b9 were inde-
pendent of other MIS-C markers and associated with renal
injury [12].

Overall mortality in MIS-C patients in the present study
was 4%. On subgroup analysis, we found that single-centre
studies had slightly higher mortality rates than multicentric
studies. Similarly, studies which used KDIGO definition had
lower mortality when compared to studies that used other
definitions of AKI, and Asian studies had higher mortality
than non-Asian studies. However, none of these differences
were significant. But we found significantly low mortality in
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studies with larger sample size when compared with studies
of smaller sample size. Mortality in PICU varies from 2 to
30% across countries based on availability of resources and
common diseases leading to ICU admissions [41—44]. The
present analysis also showed that mortality among MIS-C
patients increases by 4.68 times if the patients develop AKI.
Thus, mortality among MIS-C patients with AKI is compa-
rable to mortality among PICU patients having AKI due to
other causes. Previous studies in the pediatric age group have
reported high mortality ranging from 11 to 36% in children
with AKI [35, 37, 38, 45].

The strengths of this systematic review are as follows: (1)
this is the first systematic review along with a meta-analysis
describing incidence, mortality, and need for KRT in patients
with MIS-C; and (2) the use of rigorous statistical methods to
explore the heterogeneity among included studies.

A possible limitation can be considered because of different
definitions of AKI being used in different studies. Also, not all
studies provided data about the cause of death, and as such,
mortality specific to AKI in MIS-C could vary if these data
are included. Another limitation that should be considered is
the heterogenous ways the different retrospective studies were
performed. Leak of prospective data is another limitation of
this systematic review.

Conclusion

Approximately 20% of children with MIS-C develop AKI
which is associated with higher odds of death.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00467-022-05701-3.
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