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Objective: To externally validate community-acquired pneumonia (CAP) tools on patients hospitalized
with coronavirus disease 2019 (COVID-19) pneumonia from two distinct countries, and compare their
performance with recently developed COVID-19 mortality risk stratification tools.
Methods: We evaluated 11 risk stratification scores in a binational retrospective cohort of patients
hospitalized with COVID-19 pneumonia in S~ao Paulo and Barcelona: Pneumonia Severity Index (PSI),
CURB, CURB-65, qSOFA, Infectious Disease Society of America and American Thoracic Society Minor
Criteria, REA-ICU, SCAP, SMART-COP, CALL, COVID GRAM and 4C. The primary and secondary outcomes
were 30-day in-hospital mortality and 7-day intensive care unit (ICU) admission, respectively. We
compared their predictive performance using the area under the receiver operating characteristics curve
(AUC), sensitivity, specificity, likelihood ratios, calibration plots and decision curve analysis.
Results: Of 1363 patients, the mean (SD) age was 61 (16) years. The 30-day in-hospital mortality rate was
24.6% (228/925) in S~ao Paulo and 21.0% (92/438) in Barcelona. For in-hospital mortality, we found higher
AUCs for PSI (0.79, 95% CI 0.77e0.82), 4C (0.78, 95% CI 0.75e0.81), COVID GRAM (0.77, 95% CI 0.75e0.80)
and CURB-65 (0.74, 95% CI 0.72e0.77). Results were similar for both countries. For the 1%e20% threshold
range in decision curve analysis, PSI would avoid a higher number of unnecessary interventions, followed
by the 4C score. All scores had poor performance (AUC <0.65) for 7-day ICU admission.
Conclusions: Recent clinical COVID-19 assessment scores had comparable performance to standard
pneumonia prognostic tools. Because it is expected that new scores outperform older ones during
development, external validation studies are needed before recommending their use. Felippe Lazar
Neto, Clin Microbiol Infect 2021;27:1037.e1e1037.e8
© 2021 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has infected more than 110 million people and killed nearly 2.5
million worldwide [1]. Although most patients have mild limited
symptoms, 15% complain of dyspnoea and 5% present with hypo-
xaemic respiratory failure, shock or multiorgan dysfunction [2].
Identifying patients who will need advanced support or who are at
high risk of poor outcomes challenges physicians. To help decision-
making, researchers developed several risk assessment tools specif-
ically for coronavirus disease 2019 (COVID-19); however,most scores
had important limitations during development: poor report, over-
optimism and high risk of bias [3,4]. In addition, external validation
is needed before implementation in routine clinical practice.

Community-acquired pneumonia (CAP) is a common infection
and a leading cause of mortality [5,6]. Over the past decades, risk
stratification tools have improved CAP clinical management [7].
Unlike COVID-19 prediction rules, CAP scores were extensively
validated [8] with some already evaluated on COVID-19 with
promising results [9e11]. We evaluated CAP and COVID-19 risk
assessment scores on a binational cohort of hospitalized patients
with COVID-19 pneumonia in S~ao Paulo and Barcelona during the
initial pandemic surge. We hypothesized that CAP prediction rules
would have similar performance to the recently developed COVID-
19 scores.

Methods

Study design and population

We retrospectively analysed patients with COVID-19 pneumonia
admitted to the emergency department of two university hospitals:
Hospital das Clínicas (from 14 March to 14 June 2020) and Hospital
Clinic (from 28 February to 5 May 2020). Both hospitals were
designated to be the tertiary reference for COVID-19 suspected cases
in their respective cities: S~ao Paulo (Brazil) and Barcelona (Spain).
Both ethics committees approved the studies protocols (CAAE
30417520.0.0000.0068 and Register HCB/2020/0273).

We defined COVID-19 pneumonia as a new infection-
compatible infiltrate on lung CT or chest X-ray associated with
acute inferior respiratory tract infection symptoms. All patients
were admitted and treated according to the institutional protocol. A
real-time quantitative RT-PCR (RT-qPCR) test of samples from the
upper (nasopharyngeal or oropharyngeal) or lower (endotracheal)
respiratory tract was collected to confirm SARS-CoV-2 infection. A
standardized form was used for data collection, which included
questions on demographics, past medical history, clinical exami-
nation and vital signs. The clinical information was retrieved from
the first medical assessment in the emergency department and
laboratory tests were taken from the first available result up to 48 h
after admission. Collected variables had similar definitions for both
cohorts and harmonization between cohorts was elementary. The
Barcelona cohort included only positive RT-qPCR results, whereas
the S~ao Paulo cohort included RT-qPCR-positive cases and patients
with a clinicaleepidemiological diagnosis (see Supplementary
material, Appendix S1) as RT-qPCR was not widely available.
Sensitivity analysis on only RT-qPCR-positive patients was per-
formed and is presented in the Supplementary material.

Scores selections and definitions

We applied the following risk assessment scores according to
admission variables: Pneumonia Severity Index (PSI) [12], CURB
[13], CURB-65 [13], IDSA/ATS Minor Criteria [14], quick Sepsis
Related Organ Failure Assessment (qSOFA) [15,16], Severe
Community Acquired Pneumonia (SCAP) [17], SMART-COP [18], The
Risk of Early Admission to ICU index (REA-ICU) [19], COVID-GRAM
[20], CALL [21] and 4C [22]. We used their original descriptions (see
Supplementary material, Appendix S2). The cut-off values for each
score were chosen based on the development report if available or
the standard use. A 10% risk threshold was selected for COVID-
GRAM based on similar risk prediction tools [18,19].

We considered the need for supplemental oxygen therapy or
peripheral oxygen saturation <92% equivalent to documented
laboratory hypoxaemia (pO2 < 60mmHg)when deriving scores that
included hypoxaemia. Variables that were not in the database and
consequently could not be imputed were assigned zero for risk
calculation and are specified in the Supplementary material
(Appendix S2).

Outcomes

Our primary outcome was in-hospital mortality at 30 days. Pa-
tients still hospitalized at 30 days were considered alive. The sec-
ondary outcome was admission to intensive care unit (ICU) until
the 7th day (excluding those individuals who were on mechanical
ventilation or vasoactive drugs before hospital admission).

Statistical analysis

Mean, standard deviation (SD), median and interquartile range
(IQR) were used for descriptive statistics according to variable
distribution.

We defined a priori the statistical analysis plan. We expected a
great proportion of missing values due to the large number of risk
scores tested and the wide range of different variables considered
by each score. We performed a single imputation procedure with
chained equations, assuming a missing-at-random pattern, in
which missing values are conditional on measured variables. We
used predictive mean matching because of its flexibility for impu-
tation of different types of variables [23]. Outcome and country
were included as predictors during the imputation process. The
Table S1 (see Supplementary material) provides the missing per-
centage descriptive statistics.

Model predictive performance was assessed with the area
under the receiver operating characteristics curve (AUC) and the
Brier score. The Brier score is an overall model fit metric,
combining both discrimination and calibration aspects. The Brier
score is better when the values are closer to 0 (‘perfect model’).
Calibration was evaluated using calibration plots sub-divided in
quintiles of predicted probabilities. Clinical utility was analysed
using sensitivity, specificity, positive predictive value, negative
predictive value, positive likelihood ratio and negative likelihood
ratio. Confidence intervals (95%) were calculated after 1000
bootstrap re-samples.

To incorporate the clinical decision reasoning in model evalua-
tion, we used the decision curve analysis framework [24] where
predictive models can be compared with common strategies of
treating all or none of the patients. To accomplish this, we calcu-
lated the net-benefit for each strategy by subtracting the propor-
tion of false positives from the true positives, weighted by the
relative harm of a false-positive and a false-negative result. In short,
we take into account how much the physician is willing to treat
more false-positive patients to avoid not treating true-negative
patients [24,25]. The net-benefit of treated patients is the result
of subtracting the net-benefit of the evaluated model from the net-
benefit of the treating all strategy. This number is then used for
computing the number of avoidable interventions per 100 patients.
For this study, intervention would be optimization of hospital re-
sources (intensity of care), which is the ultimate decision goal when
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applying mortality risk stratification tools at the emergency
department.We restricted probability thresholds between 0.01 and
0.2 (99:1 and 4:1 false-positive/false-negative weights, respec-
tively) as is commonly done for infectious diseases, including
pneumonia. The decision curve analysis and calibration were
restricted to in-hospital mortality.

We followed the Transparent Reporting of a Multivariable Pre-
diction for Individual Prognosis or Diagnosis (TRIPOD) framework
[26]. All statistical analyses were performed in R version 3.6.2.
Results

Patient characteristics

Table 1 shows baseline admission data. Of 1363 patients, 77.2%
(1053/1363) had positive RT-qPCR (S~ao Paulo 66.4%, 615/925 and
Table 1
Characteristics of patients at admission and outcomes for the imputed dataset by countr

All (N ¼ 1363)

Age (years), mean (SD) 61.05 (16.39)
Sex
Male 807 (59.21%)

Life habits
Active smokers 95 (6.97%)
Ex-smokers 429 (31.47%)
Obesity 180 (13.21%)

Co-morbidities
Hypertension 706 (51.8%)
Diabetes 424 (31.11%)
Asthma 42 (3.08%)
Chronic obstructive pulmonary disease 51 (3.74%)
Congestive heart failure 105 (7.7%)
Stroke 53 (3.89%)
Chronic kidney disease 30 (2.2%)
Cirrhosis 40 (2.93%)
Cancer 138 (10.12%)
HIV 14 (1.03%)
Autoimmune disorders 35 (2.57%)
Other cardiovascular diseases 186 (13.65%)
Other respiratory diseases 68 (4.99%)

Days of symptoms, median (IQR) 7 (5e10)
Vital signsa

Systolic pressure (mmHg), mean (SD) 125.77 (23.05)
Diastolic pressure (mmHg), mean (SD) 74.81 (14.12)
Respiratory rate, mean (SD) 24.5 (6.93)
Heart rate, mean (SD) 90.32 (17.21)
Temperature (�C), mean (SD) 36.83 (1.2)
Oxygen saturation (%), mean (SD) 93.57 (4.51)

Laboratory resultsa

Creatinine (mg/dL), median (IQR) 0.94 (0.73e1.4)
Urea (mg/dL), median (IQR) 36 (24e61)
Haematocrit (g/dL), median (IQR) 38 (33.9e42)
Leucocytes (� 1000/mm3), median (IQR) 7.15 (5.26e10.31)
Lymphocytes (� 1000/mm3), median (IQR) 0.88 (0.6e1.21)
Arterial pH, median (IQR) 7.43 (7.38e7.46)
Arterial pO2 (mmHg), median (IQR) 67.1 (58.6e82.9)
Arterial pCO2 (mmHg), median (IQR) 36.4 (32.7e41.8)
Albumin (g/dL), median (IQR) 3.3 (2.9e3.6)
D-Dimer (ng/dL), median (IQR) 1100 (600e2470)
C-reactive protein (mg/L), median (IQR) 115.3 (61.6e211.4)
Lactic dehydrogenase (U/L), median (IQR) 365 (283e485)

RT-qPCR confirmed for SARS-CoV-2 1053 (77.25%)
Outcomes
In-hospital mortality 30 days 320 (23.48%)
ICU admission 646 (47.40%)
ICU 7-day admissionb 410/1137 (36.06%)

Abbreviations: HIV, human immunodeficiency virus; ICU, intensive care unit; IQR, inte
respiratory syndrome coronavirus 2.

a Measured on admission to Emergency Department.
b Excluding those already on mechanical ventilation or vasoactive drugs before hospit
Barcelona 100%, 438/438). The mean age was 61 years and most
were male (59.2%, 807/1363). The Barcelona cohort had older pa-
tients compared with S~ao Paulo. The most common co-morbidity
was hypertension (51.8%, 706/1363), followed by diabetes (31.1%,
424/1363), cancer (10.1%, 138/1363) and congestive heart failure
(7.7%, 105/1363). We observed comparable proportions between
cohorts for hypertension, congestive heart failure, cancer, asthma
and chronic obstructive pulmonary disease, but not for diabetes,
hepatic dysfunctions and autoimmune diseases. Overall, patients
had decreased circulating lymphocytes and elevated D-dimer, C-
reactive protein and lactic dehydrogenase. The 30-day in-hospital
mortality was 23.5% (320/1363) (S~ao Paulo 24.6%, 228/925 and
Barcelona 21.0%, 92/438), overall ICU admission 47.4% (646/1363)
(S~ao Paulo 52.6%, 487/925 and Barcelona 36.3%, 159/438) and 7-day
ICU admission 36% (410/1137) (S~ao Paulo 37.8%, 272/719 and Bar-
celona 33.0%, 138/418).
y

Brazil (n ¼ 925) Spain (n ¼ 438)

59.25 (15.5) 64.83 (17.54)

522 (56.43%) 285 (65.07%)

56 (6.05%) 39 (8.9%)
345 (37.3%) 84 (19.18%)
155 (16.76%) 25 (5.71%)

487 (52.65%) 219 (50%)
334 (36.11%) 90 (20.55%)
28 (3.03%) 14 (3.2%)
35 (3.78%) 16 (3.65%)
78 (8.43%) 27 (6.16%)
35 (3.78%) 18 (4.11%)
25 (2.7%) 5 (1.14%)
9 (0.97%) 31 (7.08%)
91 (9.84%) 47 (10.73%)
13 (1.41%) 1 (0.23%)
10 (1.08%) 25 (5.71%)
95 (10.27%) 91 (20.78%)
26 (2.81%) 42 (9.59%)
7 (5e10) 6 (4e8)

125.31 (23.29) 126.73 (22.53)
75.43 (15) 73.5 (11.97)
25.5 (7.05) 22.39 (6.16)
90.16 (16.77) 90.67 (18.12)
36.63 (1.22) 37.25 (1.03)
92.99 (4.61) 94.8 (4.04)

0.94 (0.71e1.42) 0.95 (0.78e1.35)
38 (25e64) 32 (22e55.75)
37.1 (32.7e40.6) 40.55 (36.85e44)
7.88 (5.68e10.85) 6.1 (4.42e8.7)
0.96 (0.66e1.32) 0.7 (0.5e1)
7.42 (7.37e7.46) 7.45 (7.42e7.47)
67.3 (58.8e83.3) 67.05 (57.45e81.8)
37.4 (32.9e43.3) 35 (32e39.68)
3.2 (2.8e3.5) 3.4 (3e3.7)
1278 (676e3314) 900 (500e1900)
136.8 (71.5e225.9) 84.35 (40.3e167.62)
378 (293e509) 338 (268.25e437.25)
615 (66.48%) 438 (100%)

228 (24.65%) 92 (21%)
487 (52.65%) 159 (36.3%)
272/719 (37.83%) 138/418 (33.01%)

rquartile range; RT-qPCR, real-time quantitative RT-PCR; SARS-CoV-2, severe acute

al admission.
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Scores distribution

Scores distributions are shown in the Supplementary material
(Fig. S1 and Table S2). Few patients crossed the threshold for qSOFA
�2 (19.0%, 259/1363), whereas a large proportion had a 4C � 4
(93.1%, 1269/1363), CALL �6 (92.7%, 1264/1363), CURB �1 (77.8%,
1061/1363), SCAP �10 (77.1%, 1051/1363) and SMART-COP �3
(72.5%, 989/1363). Intermediate proportions were observed for PSI
�4 (59.9%, 817/1363), COVID-GRAM �0.1 (69.1%, 943/1363), REA-
ICU �7 (62.0%, 845/1363), CURB-65 � 2 (56.0%, 764/1363) and
IDSA/ATS minor �3 (55.3%, 754/1363). The S~ao Paulo cohort had
more patients above the cut-offs for all scores. For most prediction
assessment tools, a point increase was followed by an increase in
the observed mortality rate (Fig. 1).
Fig. 1. Mortality rates by pneumonia risk assessment tools stratification at a
30-Day in-hospital mortality performance and clinical utility

Overall performance is shown in Table 2. PSI had the best AUC
(0.79, 95% CI 0.77e0.82) followed closely by 4C (0.78, 95% CI
0.75e0.81), COVID-GRAM (0.77, 95% CI 0.75e0.80) and CURB-65
(0.74 95% CI 0.72e0.77). The 4C score had the lowest Brier score
(0.146) followed by COVID GRAM (0.147) and PSI (0.148). PSI, 4C and
COVID GRAM had both the best AUCs and Brier scores for our
sample. We observed small departures in the predictive perfor-
mance when analysing only RT-qPCR-confirmed cases (n ¼ 1053,
see Supplementary material, Tables S3 and S4). Analysis by country
(see Supplementary material, Tables S5 and S6) shows PSI with the
highest AUC in both; however, most scores had better performance
in Barcelona compared with S~ao Paulo. Overall, calibration was
dmission. Asterisk marks values in the x-axis described as percentages.
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good (see Supplementary material, Figs S2 and S3). Higher
sensitivities were found for 4C, CALL and CURB; and higher
specificities for qSOFA and CURB-65.

7-Day ICU admission performance and clinical utility

All scores had poor AUC (Table 2) with SMART COP (0.64, 95%
CI 0.61e0.67), REA-ICU (0.60, 95% CI 0.56e0.63) and SCAP (0.60,
95% CI 0.57e0.63) having the highest values. Although there
were performance differences between cohorts, SMART-COP
had the best AUC in both (see Supplementary material,
Tables S7 and S8). 4C and CALL had higher sensitivities, and
qSOFA had the highest specificity.

Net benefit

Fig. 2 shows the decision curve analysis for in-hospital
mortality. PSI had the best net benefit for most tested thresh-
olds (1%e20%), followed by the 4C score. At a probability
threshold of 5% (number-willing-to-treat of 20), PSI is the best
strategy as it would avoid 6.2 interventions per 100 screened
patients (Table 3). As the probability threshold increases, the
best strategies change: at a 10% threshold (number-willing-to-
treat 10), PSI, 4C and CURB would avoid 15.8, 14.6 and 11.9 in-
terventions (per 100 patients) respectively; at a 20% threshold,
SCAP would avoid 28.3, 4C 28.0 and PSI 27.9 interventions.

Discussion

We observed that the predictive performance of classical CAP
severity scores was comparable with that of recently developed
COVID-19 scores in 1363 hospitalized patients with COVID-19
pneumonia in Brazil and Spain. PSI and the recent 4C score
had comparable performances in all evaluations. Among the
tested scores, results were consistent for both cohorts, which are
expected to have significant unmeasured differences regarding
treatment and risk factors to poor outcomes because of socio-
economic discrepancies in the underlying population (upper-
middle-income country versus a high-income country).

PSI had the highest performance compared with other pre-
diction rules regardless of the country origin and our results are
comparable with those found in similar pandemic scenarios
[9,10]. A possible explanation is that PSI heavily weights on co-
morbidities and age, which are known to be strong independent
mortality risk factors for COVID-19 [27]. The same reasoning
applies to the 4C score. On both, a 71-year old man is classified
as intermediate risk based solely on age and gender regardless
of any other information. The methodological rigour during PSI
development, which included a large sample size, helped to
build a robust model that was vastly validated in the literature
[8,28,29].

The use of risk stratification scores in clinical practice re-
quires analysis of the decision curve. PSI would be the best
strategy in our cohort for threshold probabilities �5%. However,
such a low threshold would only be reasonable in a scenario
with little risk of overcrowding; a context that does not apply to
many countries during this pandemic. Moreover, because there
is currently no specific treatment for COVID-19, higher intensity
of care in patients not at high risk of death may increase noso-
comial infections and other related-complications without
necessarily decreasingmortality. For thresholds between 6% and
20%, PSI and 4C had the highest net-benefit throughout the
range. Although hospitalization is often unavoidable (e.g. need
for oxygen therapy) even with low predicted mortality risk,
these instruments can help manage the limited resources of



Fig. 2. Decision curve analysis.

Table 3
Number of avoidable interventions for different probability thresholds and scores

Score Probability threshold

�5% �10% �20%

CURB 0.00 11.89 17.17
CURB-65 0.00 9.76 25.61
qSOFA 0.00 0.00 7.85
PSI 6.24 15.85 27.95
SMART-COP 0.00 9.90 17.39
IDSA/ATS Minor 0.00 5.21 24.14
REA-ICU 0.07 4.04 14.53
SCAP 0.00 9.68 28.25
COVID GRAM 0.00 11.08 25.24
CALL 2.86 3.23 17.02
4C 4.04 14.60 28.03

The number of avoidable interventions (per 100 patients) for each score and
probability threshold is shown.
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hospitals by suggesting referral to higher- or lower-complexity
facilities.

Deciding which assessment tool to apply involves not only the
decision curve, but previous validations, generalizability, test
availability and estimation complexity. The higher number of
required variables for PSI calculation can make it time-consuming
and unrealistic in under-resourced or overwhelmed scenarios. By
contrast, qSOFA, a simpler tool that relies only on three clinical
variables and consequently is widely applicable, had poor overall
performance and an unexpected low sensitivity and high speci-
ficity for a screening tooldfindings in line with similar studies in
CAP [16]. Nevertheless, qSOFA had the highest positive predictive
value, which placed it as a risk-stratification tool to be further
evaluated. Alternatives with reasonable performance, lower
number of required tests and easy estimation potentially appli-
cable to low-resource settings are the CURB-65 (mixed clinical
variables and urea) and the 4C score (mixed clinical variables, urea
and C-reactive protein). CURB-65 has some advantages over 4C as
it was extensively validated in different scenarios [8] and is
already part of routine risk assessment for CAP in many emer-
gency departments.

Remarkably, none of the evaluated scores performed well for 7-
day ICU admission. Scores that were developed aimed at this
particular outcome such as SMART-COP, SCAP and REA-ICU pre-
sented better overall performance in our cohort. SCAP and SMART-
COP had the highest sensitivities among the three (81% and 80%,
respectively) and better ability to exclude the outcome when
negative (negative predictive value� 75%). However, most patients
were over the threshold at admission and therefore still on
reasonable risk of ICU admission: 73 and 77 out of 100 admitted
patients had SMART-COP �3 and SCAP �10, respectively. Although
both 4C � 4 and CALL �6 had high sensitivities and negative pre-
dictive value, they included over 92% of admitted patients, making
them less useful. One possible explanation for the under-
performance of CAP scores is that they rely on image findings
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(unilateral, multi-lobar or bilateral) that are known to affect prog-
nosis in CAP [30] but are still unknown in COVID-19. Overall, these
results coincide with those found for mortality in that new scores
for COVID-19 had similar performance compared with CAP scores.

Our study has limitations. First, our results may not apply to
secondary or primary settings as bothmedical centres were tertiary.
Second, becausewedidnotevaluate outpatients, thecurrentexternal
validation cannot support these scores for COVID-19 triage and so
future studies are needed to clarify their clinical applicability in this
setting. Additionally, our study comprises the initial pandemic surge
in both countries, subject to the learning curve of COVID-19 treat-
ment and the high demand for the health system, limiting our con-
clusions to similar scenarios. Third,we includedpatientswith clinical
COVID-19 diagnosis in Brazil because of RT-qPCR shortage during the
early pandemic. However, our sensitivity analysis including only RT-
qPCR showed comparable predictive performance. Finally, it is a
challenge to apply risk stratification tools in tertiary referenced set-
tings as previous treatments may lead to underscoring at admission
(e.g. use of anti-pyretic medications and temperature at admission).
Despite these limitations, the present study provides a validation of
several scores already described for CAP that couldhelp physicians to
address patient safety and manage hospital resources. Among its
strengths, our study has shown consistent validation results for co-
horts from two countries with distinct socio-economic, ethnic and
demographic backgrounds.

In summary, the performance of standard CAP risk assessment
scores was comparable to three recently developed COVID-19
mortality risk stratification tools. It is expected that new scores
will outperform older ones during development because they are
often trained and tested in similar data sets. Therefore, more
external validation studies are needed to ensure generalizability
before recommending their use.
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