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Background: Acute kidney injury (AKI) is frequently associated with COVID-19, and the need for kidney replacement
therapy (KRT) is considered an indicator of disease severity. This study aimed to develop a prognostic score for pre-
dicting the need for KRT in hospitalised COVID-19 patients, and to assess the incidence of AKI and KRT requirement.

Methods: This study is part of a multicentre cohort, the Brazilian COVID-19 Registry. A total of 5212 adult COVID-
19 patients were included between March/2020 and September/2020. Variable selection was performed using
generalised additive models (GAM), and least absolute shrinkage and selection operator (LASSO) regression was
used for score derivation. Accuracy was assessed using the area under the receiver operating characteristic curve

(AUC-ROQ).

Results: The median age of the model-derivation cohort was 59 (IQR 47-70) years, 54.5% were men, 34.3%
required ICU admission, 20.9% evolved with AKI, 9.3% required KRT, and 15.1% died during hospitalisation. The
temporal validation cohort had similar age, sex, ICU admission, AKI, required KRT distribution and in-hospital
mortality. The geographic validation cohort had similar age and sex; however, this cohort had higher rates of ICU
admission, AKI, need for KRT and in-hospital mortality. Four predictors of the need for KRT were identified using
GAM: need for mechanical ventilation, male sex, higher creatinine at hospital presentation and diabetes. The
MMCD score had excellent discrimination in derivation (AUROC 0.929, 95% Cl 0.918-0.939) and validation (tem-
poral AUROC 0.927,95% C1 0.911-0.941; geographic AUROC 0.819, 95% Cl 0.792-0.845) cohorts and good overall
performance (Brier score: 0.057, 0.056 and 0.122, respectively). The score is implemented in a freely available online

risk calculator (https://www.mmcdscore.com/).

Conclusions: The use of the MMCD score to predict the need for KRT may assist healthcare workers in identifying
hospitalised COVID-19 patients who may require more intensive monitoring, and can be useful for resource allocation.

Keywords: Acute kidney injury, COVID-19, Kidney replacement therapy, Score, Risk factors, Risk prediction

Background
Coronavirus disease 19 (COVID-19) is mild in most cases,
but it can be severe and critical, with multiple organ
dysfunction, septic shock and death [1]. Kidney disease
among patients with COVID-19 can manifest as acute
kidney injury (AKI), hematuria or proteinuria, and it has
been associated with an increased risk of mortality [2].
The incidence of AKI among hospitalised patients
with COVID-19 has shown to be variable, depend-
ing upon the severity of the disease and whether they
are outpatient, in the ward or intensive care unit
(ICU) environment. A recent systematic review, which
included 30 studies and 18,043 patients with COVID-
19, observed an overall incidence of AKI of 9.2% (95%
confidence interval [CI] 4.6—-13.9%), and 32.6% (95% CI
8.5-56.6%) in the ICU [3]. Another systematic review
from the beginning of the pandemic included 79 studies
and 49,692 patients, and observed a significant variation
in the incidence of AKI and kidney replacement therapy
(KRT) and the risk of death in patients who develop
AKI depending on the continent. The incidence of AKI,
KRT requirement and death in patients with AKI was
4.3, 1.4 and 33.3% in Asia, 11.6, 5.7 and 29.4% in Europe
and 22.6, 4.0 and 7.4% in North America, respectively
[4]. There is a lack of studies from large cohorts in Latin
America, which was severely hit by the pandemic.

Previous studies have explored the factors associ-
ated with AKI development in COVID-19 patients,
including advanced age; black race; underlying
medical conditions such as diabetes mellitus, car-
diovascular disease, chronic kidney disease and
hypertension; COVID-19 severity; use of vasopressor
medications and mechanical ventilation requirement
[4, 5]. However, most studies are limited to univariate
analysis or have small sample sizes and there is a lack
of studies analysing independent risk factors for KRT
requirement.

A risk score to predict KRT requirement dur-
ing hospitalisation, using clinical and laboratory
data upon hospital presentation may be very use-
ful aiming at a better allocation of health resources.
However, there is a lack of evidence in this context.
Fang et al. used a score created before the pandemic
(UCSD-Mayo risk score) and analysed its efficiency
in predicting hospital-acquired AKI in patients with
COVID-19, but the performance of the score in
patients in ICUs or under mechanical ventilation was
not satisfactory [6].

Therefore, we aimed to assess the incidence of
AKI and KRT requirement in COVID-19 in-hospital
patients, as well as to develop and validate a score to
predict the risk of the need for KRT.


https://www.mmcdscore.com/
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Methods

Source of data and participants

This cohort study is a substudy of the Brazilian COVID-
19 Registry, which included consecutive patients >18
years old, hospitalised with COVID-19 confirmed by
laboratory test according to WHO criteria, admitted
from March to September 2020 in 37 Brazilian hos-
pitals, located in 17 cities, from five Brazilian states.
Additionally, patients from the COVID-19 and Frailty
(CO-FRAIL) Study were included as the external (geo-
graphic) validation cohort [7]. This cohort includes
patients > 50 years old, admitted to Sao Paulo Univer-
sity Hospital from March 30 to July 7, 2020.

For the present analysis, patients with chronic kid-
ney disease stage 5 in dialysis previous to COVID-19,
pregnant women, undergoing palliative care, admitted
with another diagnosis and developed COVID-19 after
admission and/or those who were transferred to other
hospitals (not part of the multicenter study) during hos-
pitalisation were not included. Two hospitals that did not
comply with the study protocol were excluded (Fig. 1).
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Model development, validation and reporting followed
guidance from the Transparent Reporting of a Multivari-
able Prediction Model for Individual Prediction or Diag-
nosis (TRIPOD) checklist (Additional file 1: Table S1)
and Prediction model Risk Of Bias Assessment Tool
(PROBAST) [8, 9].

Data collection

Data were extracted from the medical records in par-
ticipant hospitals, including patient demographic infor-
mation, comorbidities, laboratory results, treatments
(including KRT) and outcomes, as it was previously
published in the study protocol [10]. Data were col-
lected by using a prespecified case report form applying
Research Electronic Data Capture (REDCap) tools. Var-
iables used in the risk score were obtained at hospital
presentation, with the exception of the need for invasive
mechanical ventilation, which may have occurred at any
time during the hospital stay, except in those patients in
which it was initiated after KRT requirement. Indica-
tions for invasive mechanical ventilation were defined

In-hospital patients with
laboratory confirmed
COVID-19
n=7,463

[
Patients admitted between
March-July 21st, 2020

n=5,235
Excluded
Age < 18 years, transferred
from another hospital,
admitted for other reasons,
—]

palliative treatment, pregnant
women or dialysis on
admission
n=1,420

Lost to follow-up
Transferred to another
hospital within 21 days

n=135

Development cohort
n=3,680

Fig. 1 Flowchart of COVID-19 patients included in the study

I
Patients admitted between July
22-September, 2020

n=2,228
Excluded
Age < 18 years, transferred
from another hospital,
admitted for other reasons,
——p

palliative treatment, pregnant
women or dialysis on
admission
n=645

Lost to follow-up
Transferred to another
hospital within 21 days

n=51

Validation cohort
n=1,532
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according to the recommendations of the Brazilian
Guidelines [11].

Clinical outcome

The primary endpoint was KRT requirement. Second-
ary endpoints were the incidence of AKI and mortality in
patients who required KRT.

AKI was defined by an increase in serum creatinine
level > 0.3 mg/dl within 48 h or by 50% within 7 days
[12]. Indications for acute KRT included clinical mani-
festations of uremia (such as pericarditis, encepha-
lopathy or an otherwise unexplained decline in mental
status); refractory laboratorial abnormalities composed
of azotemia (blood urea nitrogen [BUN] >100 mg/dL),
a serum potassium level of 6.0 mmol or more per litre,
a pH of 7.20 or less and a serum bicarbonate level of 12
mmol per litre or less; or evidence of severe respiratory
failure based on a ratio of the partial pressure of arte-
rial oxygen to the fraction of inspired oxygen of 150 or
less and clinical perception of volume overload [13]. The
indication for the need of KRT was defined by the neph-
rologist of each participating hospital, as well as the pre-
scription of dialysis treatment.

Statistical analysis

In the descriptive analyses, categorical variables were
described as absolute and relative frequency, and contin-
uous variables by median and quartiles.

The dataset was split into development and validation,
according to the date of hospital admission, using July 21,
2020, as the temporal cut (temporal validation).

All analyses were performed using R software version
4.0.2, with the mgcv, finalfit, mice, glmnet, pROC, rms,
rmda and psfmi packages. A p-value<0.05 was consid-
ered statistically significant for all analyses and 95% con-
fidence intervals were reported.

Missing data

Predictors were imputed if they had up to two thirds of
complete values. Variables with a higher proportion of miss-
ing values than that were not included in the analysis. After
analysing missing data patterns, multiple imputation with
chained equations (MICE) was used to handle missing val-
ues on candidate variables, considering missing at random.
Outcomes were not imputed. Predictive mean matching
(PMM) method was used for imputation of continuous pre-
dictors and polytomous regression for categorical variables.
The results of ten imputed datasets, each with ten iterations,
were then combined, following Rubin’s rules [14].

Development of the risk score model
Predictor selection was based on clinical reasoning and
literature review before modelling, as recommended
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[8]. The development cohort included patients admitted
before July 21, 2020.

Variable selection was performed using generalised addi-
tive models (GAM), evaluating the relationships between
KRT requirement and continuous (through penalised thin
plate splines) and categorical (as linear components) predic-
tors and calculating D1- (multivariate Wald test) and D2-sta-
tistic (pools test statistics from the repeated analyses).

As our aim was to develop a score for easy application
at bedside, continuous variables were categorised on cut-
off points, based on evidence from an established score
for sepsis [9, 15].

Subsequently, least absolute shrinkage and selection
operator (LASSO) logistic regression was used to derive
the score by scaling the (L1 penalised) shrunk coefficients
(Additional file 2: Table S2). Ten-fold cross-validation
methods based on mean squared error criterion were
used to choose the penalty parameter A in LASSO.

Lastly, risk groups were proposed based on predicted
probabilities: non-high (up to 14.9%), high (15.0-49.9%)
and very high risk (>50.0%).

The specific risks can be easily assessed using the devel-
oped MMCD risk score web-based calculator (https://
www.mmecdscore.com), which is freely available to the
public, and it can also be assessed through infographics
(Additional file 3: Figure S1).

Model validation
External validation comprehended temporal and geo-
graphic validation. Patients who were admitted in par-
ticipant hospitals from July 22, 2020, to September 2020
were included as the temporal validation cohort.
Independent external (geographic) validation was also
performed. The analysis included a cohort of patients
from Sao Paulo University Hospital, admitted from
March 30 to July 7, 2020 [7]. Inclusion and exclusion cri-
teria were the same as aforementioned.

Performance measures

To assess model calibration, predicted dialysis probabili-
ties were plotted against the observed values. To assess
model discrimination, the area under the receiver oper-
ating characteristic curve (AUROC) was calculated, with
the respective confidence interval (95% CI), obtained
through 2000 bootstrap samples. Positive and negative
predictive values of the derived risk groups were also
calculated. The Brier score was used to assess the overall
performance [16].

Results

Participants

The derivation cohort included 3680 COVID-19 patients
admitted to the 35 participating hospitals, from March 1,


https://www.mmcdscore.com
https://www.mmcdscore.com
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2020, to July 21, 2020. Those patients were from 159 cit-
ies in Brazil (Fig. 2). The median age was 59 (IQR 47-70)
years, 54.5% were men, 20.9% evolved with AKI, 9.3%
required KRT, and 15.1% died during hospitalisation.
Patient demographics, underlying medical conditions,
clinical characteristics and laboratory values upon hospi-
tal presentation for the derivation and validation cohorts
are displayed in Table 1.

Among the patients in the derivation cohort, 1261
(34.3%) required ICU admission. Of those,16.7% devel-
oped AKI and 9.1% required KRT, with a mortality rate of
64.7% and 76.7%, respectively.

Model development

Sixty-three potential risk predictor variables collected at
hospital presentation were identified (Additional file 4:
Table S3) [17-26]. Of those, 20 were excluded for high
collinearity and 11 for high number of missings variables.
Consequently, 32 variables were tested.

Four important predictors of the need for KRT dur-
ing hospitalization were identified using GAM: need for
mechanical ventilation, male sex, higher creatinine at
hospital presentation and diabetes. Continuous selected
predictors were categorised for LASSO logistic regres-
sion due to the need for a bedside use score (Table 2).
Serum creatinine levels were categorised according to
the Sequential Organ Failure Assessment Score (SOFA)
[15]. The sum of the prediction scores ranges between 0
and 23, with a high score indicating higher risk of dialy-
sis. Three risk groups were defined based on predicted
probabilities of KRT requirement: non-high risk (0-10
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score, observed KRT rate 0.4%), high risk (11-14 score,
32.8%) and very high risk (15-23 score, 68.0%), as shown
in Table 3. Mortality in each risk strata is also shown in
Table 3.

Model performance

Discrimination and model overall performance in deri-
vation and validation cohorts for GAM, LASSO and
MMCD score are shown in Table 4. Within the deriva-
tion cohort, the MMCD risk score showed excellent dis-
crimination (AUROC= 0.929; 95% CI 0.918-0.939) and
good overall performance (Brier score: 0.057) (Fig. 3).

Model validation

A total of 1532 patients admitted between July 22, 2020,
and September 31, 2020 were included in the tem-
poral validation cohort. The median age was 62 (IQR
48-72) years; 56.7% were male, 19.8% evolved with AKI,
8.4% required KRT and 14.9% died during hospitalisa-
tion. From the total sample, 515 (33.6%) required ICU
admission. Of those, 14.6% developed AKI and 8.1%
required KRT, with a mortality rate of 65.5% and 82.3%,
respectively.

The geographic validation cohort included 1378
patients admitted to Sdo Paulo University Hospital,
between March 30 and July 7, 2020. The median age was
64 (IQR 58-72) years; 58.9% were male, 20.2% required
KRT, and 33.5% died during hospitalisation (Table 1).

The MMCD Score had a good calibration and perfor-
mance under temporal and geographic validation cohorts

1
336
670

) 1004
1339

a

Number of patients

Number of patients
1
149
297

/ 445
593

Fig. 2 City of residence of patients from a development and b temporal validation cohorts




Figueiredo et al. BMC Medicine (2022) 20:324 Page 6 of 13

Table 1 Demographic and clinical characteristics for derivation and validation cohorts of patients admitted to participant hospitals
with COVID-19 (h=6490)

Label Derivation cohort Temporal validation cohort Geographic validation cohort
Characteristic N = 36807 Non missing cases N = 15327 Non missing cases N = 1378 Non missing cases
(%) (%) (%)
Age (years) 59.0 (47.0,70.0) 3680 (100%) 62.0 (48.0,72.0) 1532 (100%) 64.0 (58.0,72.0) 1378 (100%)
Sex at birth 3680 (100%) 1532 (100%) 1378 (100%)
Men 2,004 (54.5%) 869 (56.7%) 812 (58.9%)
Comorbidities
Hypertension 1,977 (53.7%) 3680 (100%) 822 (53.7%) 1532 (100%) 967 (70.2%) 1378 (100%)
Coronary artery 180 (4.9%) 3680 (100%) 76 (5.0%) 1532 (100%) 187 (13.6%) 1378 (100%)
disease
Heart failure 224 (6.1%) 3680 (100%) 74 (4.8%) 1532 (100%) 188 (13.6%) 1378 (100%)
Atrial fibrillation/ 105 (2.9%) 3680 (100%) 47 (3.1%) 1532 (100%) 74 (5.4%) 1378 (100%)
flutter
Stroke 106 (2.9%) 3680 (100%) 53 (3.5%) 1532 (100%) 85 (6.2%) 1378 (100%)
COPD 198 (5.4%) 3680 (100%) 94 (6.1%) 1532 (100%) 100 (7.3%) 1378 (100%)
Diabetes mellitus 1,009 (27.4%) 3680 (100%) 453 (29.6%) 1532 (100%) 616 (44.7%) 1378 (100%)
Obesity (BMI > 712 (19.3%) 3680 (100%) 273 (17.8%) 1532 (100%) 454 (32.9%) 1378 (100%)
3Okg/m2)
Cirrhosis 17 (0.5%) 3680 (100%) 9 (0.6%) 1532 (100%) 42 (3.0%) 1378 (100%)
Cancer 170 (4.6%) 3680 (100%) 75 (4.9%) 1532 (100%) 147 (10.7%) 1378 (100%)
Number of 3680 (100%) 1532 (100%) 1378 (100%)
Comorbidities®
0 1,128 (30.7%) 434 (28.3%) 60 (11.6%)
1 1,107 (30.1%) 501 (32.7%) 336 (24.4%)
2 923 (25.1%) 392 (25.6%) 394 (28.6%)
3 384 (10.4%) 149 (9.7%) 298 (21.6%)
>4 138 (3.8%) 56 (3.7%) 26 (9.1%)
Clinical assessment at admission
SF ratio 433.3(3393,4524) 3582 (97%) 433.3(342.9,4524) 1506 (98%) 202.7 (107.0,375.0) 1378 (100%)
Heart rate (bpm)  88.0 (78.0, 100.0) 3545 (96%) 87.0(77.0,100.0) 1489 (97%) 87.0(77.0,98.0) 1378 (100%)
Respiratory rate  20.0 (18.0, 24.0) 3043 (83%) 20.0(18.0,24.0) 1255 (82%) 24.0(20.0,28.0) 1378 (100%)
(irpm)
Glasgow coma 15.0 (15.0, 15.0) 3460 (94%) 15.0(15.0, 15.0) 1441 (94%) NA NA
scale
Systolic blood 3524 (96%) 1489 (97%) 1378 (100%)
pressure
> 90 (mm Hg) 3,338 (94.7%) 1,413 (94.9%) 1,092 (79.2%)
<90 (mm Hg) 45 (1.3%) 23 (1.5%) 20 (1.5%)
Inotrope require- 141 (4.0%) 53 (3.6%) 266 (19.3%)
ment
Diastolic blood 3489 (95%) 1481 (97%) 1378 (100%)
pressure
> 60 (mm Hg) 2911 (83.4%) 1,236 (83.5%) 986 (71.6%)
< 60 (mm Hg) 437 (12.5%) 192 (13.0%) 126 (9.1%)
Inotrope require- 141 (4.0%) 53 (3.6%) 266 (19.3%)
ment
Mechanical 183 (5.0%) 3676 (100%) 63 (4.1%) 1530 (100%) 393 (28.5%) 1378 (100%)
ventilation at
admission
Mechanical 774 (21.0%) 3680 (100%) 276 (18.0%) 1532 (100%) 266 (19.3%) 1378 (100%)

ventilation after
admission
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Table 1 (continued)
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Label Derivation cohort Temporal validation cohort Geographic validation cohort
Characteristic N = 36807 Non missing cases N = 15327 Non missing cases N = 1378 Non missing cases
(%) (%) (%)
Laboratory parameters
Haemoglobin 13.4(12.2,14.5) 3534 (96%) 134(12.1,14.6) 1491 (97%) 124(109,13.7) 1354 (98%)
(9/L)
Platelet count 193,500.0 3497 (95%) 203,000.0 1478 (96%) 226,000.0 1354 (98%)
(109/L) (152,000.0, (156,000.0, (165,000.0,
252,000.0) 263,850.0) 304,000.0)
Neutrophils-to- 4.4 (2.7,7.4) 3447 (94%) 49(29,82) 1437 (94%) 75(4.2,134) 1352 (98%)
lymphocytes ratio
Lactate value 14(1.0,1.8) 2420 (66%) 1.5(1.1,20) 999 (65%) 16(1.2,20) 1147 (83%)
C reactive pro- 71.0(34.0,134.6) 3178 (86%) 73.5(35.5,134.8) 1311 (86%) NA NA
tein (mg/L)
Blood urea nitro-  33.0 (24.0,47.0) 3310 (90%) 37.0(27.2,52.8) 1376 (90%) 124(109,13.7) 1354 (98%)
gen (mg/dL)
Creatinine (mg/  0.9(0.7,1.2) 3417 (93%) 1.0(08,1.2) 1434 (94%) 226,000.0 1354 (98%)
db) (165,000.0,
304,000.0)
Sodium 137.0(135.0,140.0) 3215 (87%) 137.0(134.9,140.0) 1356 (89%) 75(4.2,134) 1352 (98%)
(mmol/L)
Bicarbonate 232(212,25.2) 2957 (80%) 23.0(21.0,25.0) 1217 (79%) 16(1.2,20) 1147 (83%)
(mEg/L)
pH 74(74,7.5) 2968 (81%) 74(74,7.5) 1217 (79%) 74(73,74) 1294 (94%)
Arterial pO, 75.0 (63.8,94.0) 2927 (80%) 74.3 (63.0,93.7) 1203 (79%) 69.2 (58.5,84.5) 1092 (79%)
Arterial pCO, 35.0(31.9,39.0) 2940 (80%) 34.0(30.9,38.0) 1205 (79%) 383 (33.5,45.6) 1092 (79%)
Dialysis 343 (9.3%) 3680 (100%) 128 (8.4%) 1532 (100%) 278 (20.2%) 1378 (100%)
In-hospital 554 (15.1%) 3679 (100%) 229 (14.9%) 1532 (100%) 462 (33.5%) 1378 (100%)
mortality

2 Statistics presented: n (%); Median (IQR), COPD chronic obstructive pulmonary disease, SF ratio SpO2/FiO2 ratio, BMI body mass index, NA not available.
bComorbidities included hypertension, diabetes mellitus, obesity, coronary artery disease, heart failure, atrial fibrillation or flutter, cirrhosis, chronic obstructive

pulmonary disease, cancer and previous stroke

(temporal validation: AUROC 0.927, 95% CI10.911-0.941,
slope = 0.849, Brier score = 0.056 intercept= —0.186;
geographic validation: AUROC 0.819, 95% CI 0.792—
0.845, slope = 0.560, Brier score = 0.122, intercept =
—0.367) (Fig. 4, Additional file 5: Figures S2-S5).

Discussion
This study included more than 5000 patients hospital-
ised from a robust cohort of COVID-19 patients from
35 Brazilian hospitals, with external validation in an
independent cohort with over 1000 patients. One in
every five patients evolved with AKI and 9.3% required
KRT. Among the analysed predictors, four variables were
related to progression to AKI and KRT requirement,
including the need for mechanical ventilation, sex, cre-
atinine upon hospital presentation and diabetes mellitus.
The MMCD score had excellent discrimination in deri-
vation and temporal validation cohorts, with AUROC
higher than 0.9, a good overall performance.

Renal involvement in COVID-19 infection is complex
and probably occurs due to several factors, including

direct injury to the renal endothelium, tubular epithelium
and podocytes [27]; cytokine storm, with the release of
several interleukins and cytokines [3]; cardiorenal syn-
drome, caused by right ventricular dysfunction second-
ary to pulmonary infection; hypercoagulable statea; and
release of nephrotoxic substances such as creatine phos-
phokinase secondary to rhabdomyolysis [2].

The need for mechanical ventilation at any time dur-
ing hospitalisation was an important predictor of
progression to AKI and the need for KRT, being the
variable with the highest points in the risk score. Scor-
ing mechanical ventilation by itself changed patients’
category to “high risk” for evolving to AKI and KRT
requirement. This finding confirms findings from stud-
ies carried out in other countries to assess the risk of
progression of AKI to KRT in COVID-19 patients, such
as USA (OR 10.7 [95% CI 6.81-16.70]) [5] and UK (HR
4.1 [95% CI 1.61-10.49]) [24]. There is a close relation-
ship between alveolar and tubular damage (lung-kidney
axis) in acute respiratory distress syndrome (ARDS),
often progressing to different degrees of AKI [28]. This
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Table 2 MMCD score for in-hospital KRT requirement in COVID-
19 patients

Variable MMCD Score

M Mechanical ventilation anytime
during hospital stay®

No 0

Yes 1
M Sex

Women 0

Men 1

C Creatinine (mg/dL) upon hospi-
tal presentation

<12
1.2-20
20-35
3.5-5.0
>50
D Diabetes mellitus
No 0
Yes 1

- A N = O

2 Invasive mechanical ventilation, except in those cases the dialysis preceded
mechanical ventilation

is a complex and not fully understood mechanism, prob-
ably multifactorial, in which inflammatory mediators are
released by ventilated lungs into the systemic circula-
tion [29]. The relationship between mechanical ventila-
tion (MV) and AKI has been widely recognised before
the COVID-19 pandemic. Husain-Syed et al. had dem-
onstrated the occurrence of physiological changes trig-
gered by increased intrathoracic pressure secondary to
invasive mechanical ventilation that are harmful to the
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renal function. These changes can cause reduced renal
blood flow, glomerular filtration rate and sodium excre-
tion, with a consequent predisposition to progression to
AKI and need for KRT [29]. It is difficult to define the
specific role that each mechanism plays in the pathogen-
esis. They are usually observed simultaneously in criti-
cally ill patients, which limits the possibility to develop
preventive strategies [30].

In studies published by Chan L et al. (n=3993) and
Fisher M et al. (n=3345) with hospitalised patients with
COVID-19 in the USA, male sex was considered an
independent predictor of progression to AKI and KRT
requirement [31, 32], what is in line with our findings.
Male sex has been previously observed to be associated
with other adverse outcomes in COVID-19 patients.

Creatinine levels upon hospital presentation may be
evidence of previous chronic kidney disease or an early
manifestation of AKI caused by COVID-19 infection.
Chronic kidney disease is a global health problem and a
silent disease [33]. Several risk classifications included
serum creatinine levels in mortality scores in patients
admitted to an intensive care unit (APACHE II, SAPS
3, Sequential Organ Failure Assessment Score [SOFA]),
demonstrating the importance of creatinine levels as
a marker of severity [15, 34, 35]. In the present analy-
sis, creatinine levels were categorised according to the
SOFA score [15] to comply with TRIPOD guidelines,
which advises not to use a data-driven method, to avoid
model overfitting [9]. Our finding is consistent with a
recent systematic review and meta-analysis with 22 stud-
ies (n=17,391), which observed an increased incidence
of AKI in COVID-19 patients hospitalised in the USA
who had abnormal baseline serum creatinine levels due

Table 3 Predicted probability of dialysis; and dialysis and mortality rates for MMCD score risk groups

Risk group Predicted Derivation cohort Validation (temporal) cohort

probability of

dialysis Patients Dialysis cases Deaths Patients Dialysis cases Deaths
Non-high (0-10) 0-14.9% 2486 10 (0.4%) 41 (1.6%) 1,106 8 (0.7%) 21(1.9%)
High (11-14) 15-49.9% 830 299 (32.8%) 445 (50.6%) 298 108 (34.8%) 176 (59.1%)
Very high (15-23) > 50% 50 34 (68%) 40 (80%) 30 12 (40%) 23 (76.7%)
Overall 3416 343 (9.3%) 526 (15.4%) 1434 128 (8.4%) 220 (15.3%)

Table 4 Discrimination and model overall performance in derivation and validation cohorts

Models Derivation cohort Temporal validation cohort

Model AUROC (95% ClI) Brier score AUROC (95% Cl) Brier score
GAM 0.938 (0.926-0.947) 0.053 0.917 (0.893-0.937) 0.057
LASSO 0.929 (0.918-0.938) 0.057 0.929 (0.914-0.943) 0.055
MMCD score 0.929 (0.918-0.939) 0.057 0.927 (0.911-0.941) 0.056
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to pre-existing chronic kidney disease [36]. Hansrivijit  that severe cases of COVID-19 had higher serum levels
P et al. in their meta-analysis described abnormal basal  of creatinine and BUN. In severe cases, the risk of pro-
serum creatinine levels as predictors of progression to  gression to need for KRT was 12.99-fold higher com-
AKI [37]. A meta-analysis with 10,335 patients showed pared to non-severe cases, and among patients who died,
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there was a higher prevalence of AKI, high levels of cre-
atinine and need for KRT [38].

The association between diabetes mellitus and renal
dysfunction is well known, in the form of diabetic
nephropathy and non inflammatory glomerular dam-
age [39, 40]. In the present analysis, diabetes proved to
be a predictor of risk of progression to AKI and KRT
requirement in patients hospitalised with COVID-19,
which was in line with a recent meta-analysis (26 stud-
ies, n=5497) [37].

In Brazil, a country severely hit by the pandemic, there
is lack of evidence on the association among AKI, need
for KRT, mortality and COVID-19. The scarce existing
studies are based in small databases. A study published
with 200 ICU patients showed a high incidence of AKI
(about 50%) and 17% of patients requiring KRT, with
significantly higher mortality in patients with AKI and
needing KRT, in contrast to patients without AKI and
KRT requirement [23]. In our study, the incidence of AKI
and need for KRT in ICU patients were lower (about 16
and 9%, respectively), although with higher in-hospital
death in this group, similarly to finds in this article. As
shown in Table 3, there was a progressive increase in the
mortality rate associated with the increase in the score.
Patients classified as non-high risk had a mortality of
1.6% in the derivation cohort and 1.9% in the validation
cohort, while patients classified as very high risk had a
mortality of 80.0% in the derivation cohort and 76.7% in
the temporal validation cohort.

The MMCD model retrieved an AUROC of 0.96, which
was classified as an excellent discrimination. An Ameri-
can study (n=2256) developed prediction models for
mechanical ventilation, KRT and readmission in COVID-
19 patients using machine learning techniques. Logistic
L1 had the best accuracy, although the discrimination
results were inferior than the one observed in the present
analysis (0.847 [95% CI, 0.772-0.936]). Additionally, the
model uses too many risk predictor variables, hindering
its applicability in clinical practice [25].

External validation was performed with a cohort of
patients referred to a tertiary hospital, most of which
were critically ill, with a high rate of ICU admission, use
of mechanical ventilation and need for KRT and mor-
tality. As the accuracy of a prediction model is always
high, whether the model is validated on the development
cohort used to derive the model only, the assessment of
accuracy in those studies may be overoptimistic [9].

The criteria for orotracheal intubation evolved over
time. Still, we believe it has not affected our findings.
The first wave of COVID-19 pandemic in Brazil was in
June 2020, late in relation to Europe, which was affected
in March 2020. Therefore, when the country faced its
first wave, the knowledge about intubation criteria and
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outcomes had already evolved. The fact that the score’s
high accuracy was not reduced in the temporal validation
cohort (cut-off on July 21, 2020) is evidence of no sig-
nificant influence on the results obtained in the temporal
validation sample (AUROC 0.927 CI 95% 0.911-0.941).

Strengths and limitations

Our study used a large patients database to develop a risk
score to predict the need for KRT in patients admitted
with COVID-19. A major strength of the MMCD score
is its simplicity; the use of objective parameters, which
may reduce the variability; and easy availability, even in
under-resourced settings. Then, the MMCD score may
help clinicians to make a prompt and reasonable deci-
sion to optimise the management of COVID-19 patients
with AKI and potentially reduce mortality. Additionally,
its development and validation strictly followed the TRI-
POD recommendations [9].

This study has limitations. Indication and timing of
initiation of the KRT may differ according to institu-
tional protocols; however, there is a consensus on the
criteria on which KRT should be initiated [13]. We
did not collect information on patients who did not
perform dialysis due to limited resources. Still, this
has not affected the accuracy of the score. Addition-
ally, as any other score, MMCD may not be directly
generalised to populations from other countries with-
out further validation.

With regard to AKI assessment, it was not possible to
use the criterion based on diuresis due to unavailability
of this data, as well as the baseline creatinine value to
identify AKI due to the lack of data on previous serum
creatinine of patients admitted to participating hospitals.
Instead, we used the increase of >0.3 mg/dl in creatinine
values over 48 h or 1.5-fold increase within 7 days during
the hospitalisation, when compared to creatinine at hos-
pital presentation. Therefore, the real incidence of AKI
may be underestimated.

Finally, external validation of the MMCD score in other
countries should be performed with more recent data
on COVID-19 infection, considering the multiple tem-
poral aspects of the pandemic and changes in disease
management.

Possible applications

Using predictors available at baseline and within the
first hours of the admission, we could objectively pre-
dict the probability of KRT of a COVID-19 patient with
AKI. With an accurate prediction, it may help to organise
resource allocation to patients who are at the highest risk
of KRT requirement [25], in addition to selecting patients
who may benefit from renal protection strategies, close
assessment and follow-up by a nephrologist [41].
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Conclusions

In conclusion, we developed and validated a clinical predic-
tion score named MMCD, to predict the need for KRT in
COVID-19 patients. This score used a few predictors avail-
able at baseline and mechanical ventilation anytime during
hospital admission, and retrieved a good accuracy. This could
be an inexpensive tool to predict the need for KRT objectively
and accurately. Additionally, it may be used to inform clinical
decisions and the assignment to the appropriate level of care
and treatment for COVID-19 patients with AKL
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