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Comprehensive statistical analysis reveals
significant benefits of COVID-19 vaccination
in hospitalized patients: propensity score,
covariate adjustment, and feature importance
by permutation
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Abstract

Background COVID-19 vaccines effectively prevent infection and hospitalization. However, few population-
based studies have compared the clinical characteristics and outcomes of patients hospitalized for COVID-19
using advanced statistical methods. Our objective is to address this evidence gap by comparing vaccinated and
unvaccinated patients hospitalized for COVID-19.

Methods This retrospective cohort included adult COVID-19 patients admitted from March 2021 to August 2022
from 27 hospitals. Clinical characteristics, vaccination status, and outcomes were extracted from medical records.
Vaccinated and unvaccinated patients were compared using propensity score analyses, calculated based on variables
associated with vaccination status and/or outcomes, including waves. The vaccination effect was also assessed by
covariate adjustment and feature importance by permutation.

Results From the 3,188 patients, 1,963 (61.6%) were unvaccinated and 1,225 (38.4%) were fully vaccinated. Among
these, 558 vaccinated individuals were matched with 558 unvaccinated ones. Vaccinated patients had lower rates of
mortality (19.4% vs. 33.3%), invasive mechanical ventilation (IMV-18.3% vs. 34.6%), noninvasive mechanical ventilation
(NIMV-10.6% vs. 22.0%), intensive care unit admission (ICU-32.0% vs. 44.1%) vasoactive drug use (21.1% vs. 32.6%),
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permutation.

learning

dialysis (8.2% vs. 14.7%) hospital length of stay (7.0 vs. 9.0 days), and thromboembolic events (3.9% vs.7.7%), p < 0.05
for all. Risk-adjusted multivariate analysis demonstrated a significant inverse association between vaccination and
in-hospital mortality (adjusted odds ratio [aOR]=0.42, 95% confidence interval [C]]: 0.31-0.56; p <0.001) as well as IMV
(aOR=0.40, 95% Cl: 0.30-0.53; p < 0.001). These results were consistent in all analyses, including feature importance by

Conclusion Vaccinated patients admitted to hospital with COVID-19 had significantly lower mortality and other
severe outcomes than unvaccinated ones during the Delta and Omicron waves. These findings have important
implications for public health strategies and support the critical importance of vaccination efforts, particularly in low-
income countries, where vaccination coverage remains suboptimal.
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Background

SARS-CoV-2 has infected more than 774 million
patients, with more than seven million deaths worldwide
[1]. One landmark of the COVID-19 pandemic was the
effort to develop and distribute effective vaccines against
the virus. Vaccination campaigns have been a key com-
ponent of public health strategies worldwide to mitigate
the impact of the COVID-19 pandemic and are one of
the key factors responsible for controlling the disease
[2]. Over 13.5 billion doses of immunizers have been
administered worldwide, 67% of the total population is
vaccinated with a complete primary series of COVID-19
vaccines, and only 32% receive a booster dose [1].

Since the end of 2020, several vaccines have been
developed and approved for use [3]. Available COVID-19
vaccines effectively prevent symptomatic SARS-CoV-2
infection, COVID-19-related hospitalization, and death
[4]. The benefit has been sustained even with the fre-
quent emergence of new genetic variants of SARS-Cov-2
throughout the pandemic [5-8].

Brazil faced significant challenges during the COVID-
19 pandemic, emerging as one of the most heavily
affected countries globally in the number of cases and
deaths [9]. In January 2021, the country began a national
vaccination campaign against COVID-19. Since then,
over 518 million doses of vaccines have been distributed
and administered nationwide [10]. Currently, approxi-
mately 80.2% of Brazilians over six months of age are
fully vaccinated. A particularity of the national vacci-
nation campaign was the use of three platforms of vac-
cines and four different immunizers: inactivated virus
vaccine (CoronaVac®), viral vector vaccine (Covishield;
ChAdOx1/AstraZeneca® and Ad26.COV2.S/Jansen®) and
messenger RNA vaccine (BNT162b2/Pfizer®), which can
be mixed after completing the basic immunization [11].

Despite the available evidence, few population-based
studies have compared the clinical characteristics and
outcomes of patients hospitalized for COVID-19 con-
cerning vaccination status. This knowledge gap was even
greater when an attempt was made to match vaccinated

versus unvaccinated individuals to control for con-
founders [12, 13]. This is of utmost importance, as most
countries, including Brazil, use age and comorbidities
to prioritize patients for vaccination and booster doses.
Observational studies on this topic identified as a limi-
tation the challenge of comparing outcomes between
heterogeneous groups, particularly concerning age and
comorbidities [14].

Therefore, this study aimed to compare the clinical
characteristics and outcomes of vaccinated and unvacci-
nated COVID-19 in hospital patients, from 27 hospitals
across five Brazilian states during the Delta and Omicron
waves, using advanced statistical methods. In this study,
we sought to provide the first large-scale evaluation of
the effectiveness of COVID-19 vaccines implemented by
the Brazilian vaccination program during the 2021-2022
period.

Materials and methods

Study design, setting, and subjects

This was a retrospective multicenter cohort study, a sub-
study of the Brazilian COVID-19 registry, described in
detail previously [15]. It was conducted in 27 hospitals
from 14 cities in five states (Bahia, Minas Gerais, Rio
Grande do Sul, Santa Catarina, and Sao Paulo) (Supple-
mentary Table S1).

The study included adult patients (aged>18 years)
with a laboratory-confirmed diagnosis of COVID-19
[16] admitted to the participating hospitals from March
1, 2021, to August 31, 2022. Exclusion criteria were preg-
nancy, age under 18 years, manifestation of COVID-19
after hospitalization (where patients were admitted for
reasons other than COVID-19), discharge within 24 h,
transfer to non-participating hospitals, and incomplete
vaccination (less than two doses).

The study period comprehended patients who had
acute COVID-19 during the second (from November
2020 to December 2021) or third (from December 2021
to May 2022) pandemic waves, corresponding to Delta
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and Omicron variants, respectively, based on the most
predominant circulating variant in Brazil at the time [17].

Data collection

The data were collected from medical records by trained
health professionals and undergraduate students (Medi-
cine and Nursing), using a prespecified case report form
in the Research Electronic Data Capture (REDCap®) data-
base [18, 19]. The database was hosted at the Telehealth
Center, University Hospital, Universidade Federal de
Minas Gerais [20].

Baseline variables collected included age, sex, under-
lying comorbidities, preadmission medications, vacci-
nation status, clinical assessment, and laboratory data
at hospital presentation. We also collected medications,
interventions during hospitalization, and outcomes, as
described in detail previously [21].

Vaccination status was determined based on informa-
tion extracted from the patient’s medical records. We
recorded the total number of vaccine doses administered
and the type of vaccine received, including all vaccines
that were allowed and approved for use in Brazil dur-
ing the study period. Patients were then categorized into
two distinct groups for analysis: “unvaccinated’, which
included those who had received 0 doses, and “fully vac-
cinated’, which included those who had received two or
more doses of any vaccine.

Outcomes

The primary outcomes were hospital mortality and the
need for invasive mechanical ventilation (IMV). The
secondary outcomes were noninvasive mechanical ven-
tilation (NIMV), dialysis, vasoactive drugs, thrombosis
(deep vein thrombosis, pulmonary embolism, arterial
thrombosis), intensive care unit (ICU) admissions, days
in the ICU, days on IMV, and length of hospital stay [22].

Statistical analysis
To account for potential confounding, covariate adjust-
ment, and propensity score (PS) analyses were per-
formed. The PS was estimated using a logistic regression
model that incorporated all variables potentially related
to the vaccination decision and/or the outcomes: age,
sex, hospital of care, comorbidities (hypertension, coro-
nary artery disease, heart failure, atrial fibrillation, stroke,
asthma, chronic obstructive pulmonary disease, pul-
monary fibrosis, diabetes mellitus, obesity [body mass
index>30 kg/m?], chronic kidney disease, dialysis, rheu-
matologic disease, HIV, cancer, post-transplant, and cir-
rhosis), and home medications (anticoagulation, oral
corticosteroids, and immunosuppressants) and pandemic
waves.

We performed three PS methods: PS matching, inverse
probability weighting (IPW), and inclusion of PS as a
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covariate. PS matching was applied for all outcomes. For
the primary outcome only, we additionally performed
IPW and included PS as a covariate in the logistic regres-
sion models. For each method, logistic regression analy-
ses were conducted to examine the risk of in-hospital
death and IMV according to vaccination status. This was
done as a crude model and by adjusting for the same
variables used to generate the propensity score (a doubly
robust approach). Results are expressed as odds ratios
(ORs) with 95% confidence intervals (CIs).

In PS matching analysis, unvaccinated patients were
searched to find those with the closest PS from the vac-
cinated group (within 0.16 standard deviations of the
logit of the propensity score on a scale from 0 to 1.00)
using the Matchlt package in R software. The balance of
baseline characteristics between the two groups (unvac-
cinated vs. fully vaccinated) was evaluated using the
absolute standardized mean differences. A standardized
mean difference of less than 10% indicates a well-bal-
anced covariate between groups.

Categorical data were presented as absolute frequen-
cies and proportions, and continuous variables were
expressed as medians and interquartile ranges (IQRs).
Groups were compared using the Mann-Whitney test or
t-test for quantitative variables and the Chi-square test or
Fisher’s exact test for categorical variables.

To better understand the influence of vaccination
on the primary outcomes, we also exploited a machine
learning technique based on feature importance by per-
mutation [23]. This technique evaluates the contribu-
tion of each variable to the effectiveness of a prediction
model for the outcome of interest, calculating the impor-
tance of the variable based on the reduction in the pre-
dictive capacity of the model when shuffling the values
of the variables. This approach allows for the evaluation
of both the effect of interactions between variables and
the main impact of each characteristic in the model, with
values being comparable between different outcomes
and directly related to the reduction in predictive per-
formance [24]. The most important variables for each
primary outcome were extracted, regardless of whether
the variable increased or decreased the probability of the
outcome (maximum of ten).

The problem was formulated as a binary classification
problem with two classes (outcome and non-outcome).
The classifier used was XGBoost [25], with a cutoff above
random 50% for each outcome to determine a good
accuracy.

All analyses were performed using R software (includ-
ing tyverse, gtsummary, and Matchlt packages, among
others) and Python (including libraries such as scikit-
learn, numpy, pandas, and XGBoost, among oth-
ers). The significance level was set at 0.05 (two-tailed
P-value<0.05).
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Results

Overall, 3,188 patients were eligible for the study (Fig. 1).
Of these, 1,225 were fully vaccinated, and 1,963 were
unvaccinated. Of the 1,225 fully vaccinated patients,
CoronaVac® was the most common vaccine (70.0%), fol-
lowed by AstraZeneca® (24.0%), Pfizer® (5.2%), and others
(0.3%). Regarding doses, 64.0% received a complete series
(two doses), and 36.0% received one or more booster
doses (Supplementary Table S2).

Propensity score matching randomly selected 1,116
patients: 558 fully vaccinated patients and 558 unvac-
cinated ones (Fig. 1). Demographic characteristics and
comorbidities of both unmatched and matched groups
are shown in Table 1.

Unmatched unvaccinated vs. vaccinated
Vaccinated patients were significantly older (73 [64—81]
years vs. 57 [46—-68] years, p<0.001) and had a higher

In-hospital patients
with laboratory
confirmed COVID-19
(n=13,780)
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frequency of different comorbidities, except for obesity
(13.9% vs. 24.7%, p<0.001), when compared to unvacci-
nated ones (Table 1).

Vaccinated patients had lower rates of IMV (19.4% vs.
26.5%, p<0.001), NIMV (11.3 vs. 19.9%, p<0.001), and
thromboembolic events (2.9% vs. 7.7%, p<0.001) com-
pared to unvaccinated ones. Additionally, vaccinated
patients had a shorter ICU length of stay (8.0 vs. 9.0 vs.
days, p=0.013). There were no significant differences in
mortality or other outcomes assessed (Supplementary
Table S3).

Propensity scores matching analysis

After PS matching, the two cohorts were well balanced,
except for a higher frequency of chronic kidney disease
in vaccinated patients (8.1% vs. 5.0%, p=0.04). No sig-
nificant differences were observed in demographic char-
acteristics or other comorbidities. The characteristics

Excluded:
Age <18 years (n=233)
Admitted for other reasons (n=1,647)
Pregnant (n=266)

h

Final cohort
(n=3,188)

Y

No outcome information (n=36)
No vaccination information (n=7,951)
Not fully vaccinated (n=459)

Fully vaccinated
(n=1,225)

Fy
Y

Unvaccinated
(n=1,963)

!

Propensity score
matching

h

Matched sample
(n=1,116)

Fully vaccinated
(n=558) B

h 4

Unvaccinated

(n=558)

Fig. 1 Flowchart of COVID-19 patients included in the study
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Table 1 Baseline demographics and clinical characteristics: COVID-19 unmatched and matched patients
Characteristic Unmatched?® Matched®
(3188) (1116)
Unvaccinated(n=1963)¢ Fully SMD  p-value Unvac- Fully vac- SMD  p-
vaccinated cinated cinated value
(n=1225)° (558)° (558)°
Age, years 57.0 (46.0,68.0) 73.0(64081.0) -093  <0.001 69.0 (603, 700(600, 007 0985
77.0) 78.0)
Men 1062 (54.1%) 617 (50.4%) 0.07 0.040 278 (49.7%) 286 (52.6%) 0.03 0.632
Comorbidities
Hypertension 971 (49.5%) 818 (66.8%) -0.36 <0.001 368 (65.9%) 355 (63.6%) 0.05 0415
CAD 73 (3.7%) 07 (8.7%) -0.21 <0.001 39(7.0%)  39(7.0%) 0.00 >0.999
Heart failure 48 (2.4%) 155 (12.7%) -0.39 <0.001 35 (6.3%) 49 (8.8%) -0.10 0.112
Atrial fibrillation 31 (1.6%) 72 (5.9%) -0.23 <0.001 24 (43%)  29(5.2%) -004 0482
Stroke 39 (2.0%) 87 (7.1%) -0.25 <0.001 23(4.1%)  25(4.5%) -002 0768
Asthma 120 (6.1%) 63 (5.1%) 0.04 0.252 31 (5.6%) 39 (7.0%) -0.06 0323
COPD 58 (3.0%) 163 (13.3%) -039  <0.001 42 (75%)  58(104%)  -0.10  0.094
Pulmonary fibrosis 5(0.3%) 13 (1.1%) -0.10 0.003 3(0.5%) 5(0.9%) -0.04 0.726
Diabetes mellitus 467 (23.8%) 414 (33.8%) -0.22 <0.001 186 (33.3%) 178(31.9%) 0.03 0.609
Obesity 484 (24.7%) 170 (13.9%) 0.28 <0.001 78 (140%) 88(158%)  -005  0.400
CKD 44 (2.2%) 115 (9.4%) -0.31 <0.001 28 (5.0%) 45 (8.1%) -0.12 0.040
Dialysis 8(18.2%) 23 (20.0%) -014 079 3(0.5%) 7(1.3%) -008 0204
Rheumatologic disease 36 (1.8%) 50 (4.1%) -0.13 <0.001 19(34%) 22 (3.9%) -0.03 0.633
HIV 12 (0.6%) 7 (0.6%) 0.01 0.887 4(0.7%) 3(0.5%) 0.02 >0.999
Cancer 56 (2.9%) 88 (7.2%) -020  <0.001 31(56%) 36 (6.5%) -004 0529
Post-transplant 8(0.4%) 32 (2.6%) -0.18 <0.001 5(0.9%) 8(1.4%) -0.05 0.403
Cirrhosis 3(0.2%) 12 (1.0%) -0.11 <0.001 3(0.5%) 6 (1.1%) -0.06 0.506
Home medicine
Anticoagulation 59 (3.0%) 79 (6.4%) -0.16 <0.001 33 (5.9%) 34 (6.1%) -0.01 0.900
Oral corticosteroids 23 (1.2%) 64 (5.2%) -0.23 <0.001 14 (2.5%) 20 (3.6%) -0.06 0.296
Immunosuppressant 19 (1.0%) 54 (4.4%) -0.21 <0.001 11 (2.0%) 14 (2.5%) -0.04 0.544
Waves?
Second wave 1,843 (93.8%) 579 (47.3%) 438 (78.5%) 389 (69.7%)
Third Wave 120 (6.2%) 646 (52.7%) 120 (21.5%) 169 (30.3%)
2Unmatched

PMatched: propensity score included age, sex, hospital of care, comorbidities (hypertension, coronary artery disease, heart failure, atrial fibrillation, stroke, asthma,
COPD, pulmonary fibrosis, diabetes mellitus, obesity [body mass index >30 kg/m?], chronic kidney disease, dialysis, rheumatologic disease, HIV, cancer, post-
transplant, and cirrhosis), and home medications (anticoagulation, oral corticosteroids, and immunosuppressant), and waves

“Values are expressed as Median (interquartile range) or n (%)

dWaves: second (November 15, 2020, to December 25, 2021); third (December 26, 2021, to May 21, 2022)
Abbreviations: SMD, standardized mean difference; CAD, Coronary artery disease; COPD, Chronic obstructive Pulmonary disease; CKD, Chronic kidney disease; HIV,

human immunodeficiency virus

between the two groups were comparable, with an abso-
lute standardized mean difference of less than 10%, as
shown in Table 1 and Supplementary Figure S4.

At hospital presentation, vaccinated patients had a
higher ratio of arterial oxygen partial pressure to a frac-
tion of inspired oxygen ratio (300 [233-379] vs. 285
[198-360], p=0.021). They also received fewer antibiotics
(57.5% vs. 65.9%, p=0.004) and systemic corticosteroids
(86.6% vs. 90.7%, p=0.03) during hospitalization than
unvaccinated ones (Supplementary Table S5).

In-hospital mortality (19.4% vs. 33.3%, p<0.001) and
IMV (18.3% vs. 34.6%, p<0.001) were less frequent
in vaccinated patients. They also had a lower inci-
dence of NIMV (10.6% vs. 22.0%, p<0.001), dialysis

(8.2% vs. 14.7%, p<0.001), ICU admission (32.0% vs.
44.1%, p<0.001), thromboembolic events (3.9% vs.
7.7%, p=0.007), and vasoactive drug usage (21.1% vs.
32.6%, p<0.001) than unvaccinated ones. Additionally,
the length of hospital stay was shorter (7.0 vs. 9.0 days,
p<0.001). There were no statistically significant dif-
ferences in the duration of IMV and ICU length of stay
(Table 2).

Advanced statistical analyses

In univariable analysis of the unmatched sample, vacci-
nated patients had comparable rates of in-hospital mor-
tality with an unadjusted OR of 1.06 (95% CI: 0.89-1.26,
p=0.509). After adjusting for confounding factors using
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Table 2 Outcomes during hospital stay: COVID-19 matched?

patients
Outcomes Unvac- Fullyvac-  p-value
cinated cinated
(n=558)°  (n=558)°
Death 186 (33.3%) 108(194%) <0.001
IMV 193 (34.6%) 102 (183%) <0.001
Days on IMV 10.0 (6.0, 10.0 (5.0, 0.781
17.0) 17.8)
NIMV 123 (22.0%) 59(106%)  <0.001
Dialysis 82 (14.7%) 46 (8.2%) <0.001
Vasoactive drugs 182 (326%) 118(21.1%) <0.001
Thromboembolic events 43 (7.7%) 22 (3.9%) 0.007
Deep vein thrombosis 11 (2.0%) 4(0.7%) 0.069
Pulmonary embolism 33 (5.9%) 19 (3.4%) 0.047
Arterial thrombosis 0 (0.0%) 1(0.2%) >0.999
Admitted to ICU 245 (44.1%) 178 (32.0%) <0.001
ICU length of stay 8.0 7.0 0.139
(5.0-17.0) (4.0-13.8)
Hospital length of stay. 9.0 7.0 0.001
(5.0-16.0) (4.0-13.0)

#Matched: propensity score included age, sex, hospital of care, comorbidities
(hypertension, coronary artery disease, heart failure, atrial fibrillation, stroke,
asthma, COPD, pulmonary fibrosis, diabetes mellitus, obesity [body mass
index>30 kg/m?], chronic kidney disease, dialysis, rheumatologic disease, HIV,
cancer, post-transplant, and cirrhosis), home medications (anticoagulation, oral
corticosteroids, and immunosuppressants) and pandemic waves

Waves: second (November 15, 2020, to December 25, 2021); third (December 26,
2021, to May 21, 2022)

bValues are expressed as Median (interquartile range) or n (%)

Abbreviations: IMV: invasive mechanical ventilation; NIMV: non-invasive
mechanical ventilation; ICU: intensive care unit

the multivariable regression model, vaccinated patients
had a lower risk of in-hospital mortality, with an adjusted
odds ratio (aOR) of 0.51 (95% CI: 0.40—0.64, p<0.001).

In all three-propensity score (PS) analyses performed
(PSM, IPW, and PS as a covariate), vaccinated patients
consistently demonstrated lower unadjusted odds of
mortality. The benefit of vaccination became even more
evident after multivariable regression (doubly robust)
with adjusted odds ratios (aORs) of 0.42 (95% CI: 0.31—
0.56, p<0.001) in PSM, 0.49 (95% CI: 0.43-0.57, p<0.001)
in IPW, and 0.44 (95% CI: 0.34—0.57, p<0.001) in PS as a
covariate (Fig. 2A; Supplementary Table S6).

Vaccinated patients also had lower rates of IMV in
the unmatched sample, both in unadjusted and adjusted
analyses. These lower IMV rates in vaccinated patients
were confirmed across all PS methods performed (PSM,
IPW, and PS as a covariate), in both crude and adjusted
analyses (Fig. 2B; Supplementary Table S7).

The accuracy of the XGBoost model used for the per-
mutation technique to estimate feature importance was
between 63% and 93%, indicating high effectiveness (Sup-
plementary Table S8). Vaccination was identified as a key
variable associated with a decreased likelihood of death
and IMV (Fig. 3A and B).
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Discussion

This study utilized advanced statistical methods, includ-
ing propensity score, covariate adjustment, and machine
learning techniques, to adjust for confounding variables
within a large cohort of Brazilian inpatients. Our findings
consistently demonstrated that vaccinated patients had
lower rates of mortality, IMV, NIMYV, dialysis, vasoactive
drug use, ICU admissions, and shorter hospital lengths of
stay.

Consistent with prior research, our pre-matching sam-
ple revealed that vaccinated patients were older and had
a higher prevalence of multiple comorbidities, variables
known to impact COVID-19 prognosis [26—29]. This
imbalance was anticipated due to the prioritization strat-
egy of the Brazilian vaccination campaign [30]. Therefore,
PS matching was essential for diminishing these differ-
ences between groups. After PS matching, baseline char-
acteristics between the two groups were well balanced,
except for a higher frequency of chronic kidney disease
among vaccinated patients.

Despite this imbalance, vaccinated patients had lower
incidences of all primary outcomes assessed and almost
all secondary outcomes, including dialysis. In our pri-
mary outcome analysis, matched vaccinated individuals
exhibited an absolute difference of 13.9% in mortality,
with an adjusted OR (aOR) of 0.42 (95% CI: 0.31-0.56,
»<0.001), and 16.3% in IMV, with an aOR of 0.40 (95%
CI: 0.30-0.53, p<0.001). These benefits were confirmed
through inverse probability weighting (IPW) and propen-
sity score as covariate analyses, further reinforcing the
protective effect of vaccination.

The feature importance analysis, using machine learn-
ing approaches (XGBoost and Feature Importance by
Permutation), further underscores the protective effect
of vaccination against severe outcomes in hospital-
ized COVID-19 patients. Specifically, being vaccinated
emerged as a key variable associated with a decreased
probability of both mortality and the need for IMV. This
finding aligns with the results from our PS analyses,
which consistently showed lower adjusted odds ratios for
death and IMV among vaccinated patients.

Previous studies with hospitalized patients, albeit
with smaller sample sizes, have also employed PS tech-
niques to evaluate severe outcomes among vaccinated
and unvaccinated COVID-19 inpatients, and have shown
various results. An Italian multicenter retrospective
cohort study conducted from February 2021 to Novem-
ber 2021 compared 179 vaccinated adults hospitalized
with COVID-19 (who received at least one dose) to 181
manually paired unvaccinated ones, using predetermined
matching criteria, including age, gender, and date of
hospitalization. The authors reported no significant dif-
ferences in mortality (19% vs. 20%, p=0.853), even after
multivariable logistic regression models (OR=1.051, 95%
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Fig. 2 Effects of vaccination on mortality (A) and IMV (B) in an original unmatched cohort (crude), covariate adjustment, matching (PSM) (crude and
doubly robust), IPW (crude and doubly robust) and PS as a covariate (crude and doubly robust). Forest plots on the log scale show unadjusted and mul-
tivariable-adjusted odds ratios (ORs; indicated by diamonds) and 95% confidence intervals (Cls; indicated by the horizontal bars). The variables included
in the multivariable regression models were age, sex, hospital of care, comorbidities (hypertension, coronary artery disease, heart failure, atrial fibrillation,
stroke, asthma, COPD, pulmonary fibrosis, diabetes mellitus, obesity [body mass index > 30 kg/m?], chronic kidney disease, dialysis, rheumatologic disease,
HIV, cancer, post-transplant, and cirrhosis), and home medications (anticoagulation, oral corticosteroids, and immunosuppressants). Abbreviations: IMV:
invasive mechanical ventilation; PSM: propensity score matching; IPW: inverse probability weighting; PS: propensity score; OR: odds ratio; Cl: confidence

intervals

CI: 0.621-1.780, p=0.853) or when adjusted for age, gen-
der, and number of comorbidities (aOR=0.996, 95% CI:
0.582-1.703, p=0.987). There were also no differences
in respiratory support utilization, defined as any form of
ventilatory assistance from low-flow oxygen delivery to
mechanical ventilation [12].

Conversely, an American single-center cohort study
observed lower in-hospital mortality rates in vaccinated
patients compared to matched unvaccinated individuals,
with an absolute difference of 6.5%, and an aOR of 0.57

(95% CI: 0.34—0.94; p=0.027) [28]. This analysis included
adult COVID-19 patients hospitalized due to COVID-19
or another reason from June to September 2021, involv-
ing 262 fully vaccinated and 262 matched unvaccinated
ones. Propensity score matching was employed, consid-
ering factors such as age, sex, race/ethnicity, smoking,
comorbidities, and BMI. However, the authors did not
assess IMV in their study [28].

Another American study, with a limited sample size
of 46 vaccinated patients matched with 46 unvaccinated
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Fig. 3 The most important variables for the predictive models of mortality (A) and IMV (B). In the graph, the size of each bar reflects the importance of
the variable for classifying instances for the outcome of interest, while the direction of the bar indicates the association of the variable with the outcome -
whether the variable worsens or minimizes the outcome. The direction of the bar was determined based on coefficients from a logistic regression trained
to predict outcomes. If a variable’s bar is to the right and is red, it means that the variable is associated with an increase in the probability of the outcome
occurring. If the bar is to the left and is blue, this indicates that the variable is associated with a decrease in the probability of the outcome. The values on
the X-axis are the measures of loss of effectiveness of the model when performing the permutation. Abbreviations: COPD, chronic obstructive pulmonary
disease; CKD; HIV, human immunodeficiency virus
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ones, hospitalized from May 2021 to September 2021,
used PS matching based on age (within 2 years) and
Charlson Comorbidity Index percentage. In this study,
no significant differences in mortality (13.0% vs. 15.2%,
p=0.383) or IMV were observed (19.6% vs. 15.2%,
p=0.291), even after adjusting for obesity [13].

In our secondary outcomes, vaccinated patients had an
absolute difference of 11.4% in NIMV, 6.5% in dialysis,
11.5% in vasoactive drugs, 12.1% in ICU admissions, 3.8%
in thrombosis and they also had a difference in medi-
ans of less 2 days in hospital length of stay. Most previ-
ously matched studies also reported lower rates of ICU
admission, with an absolute difference ranging from 6.1%
[28]; to 7.1% [12] and 15.2% [13]. The aforementioned
matched studies have not shown differences in the other
secondary outcomes between groups, or those outcomes
have not been assessed [12, 13, 28]. They probably lacked
the power needed to observe differences. Our study’s
larger sample size and comprehensive assessment of out-
comes provide a more detailed evaluation of vaccination
benefits.

Interestingly, in our analysis vaccinated patients also
had lower rates of thromboembolic events (7.7% vs.
3.9%, p=0.007) including pulmonary embolism (5.9% vs.
3.4%, p=0.047) despite similar thromboprophylaxis use.
This finding aligns with a large American multicenter
case-control study which reported lower rates of venous
thromboembolism in Delta wave (4.4% vs.9.1, p<0.001)
[31].

Our results are also in line with a recently published
large cohort study based on national vaccination cam-
paigns using electronic health records from the UK,
Spain, and Estonia. In this study, data from over 20 mil-
lion patients (10.17 million vaccinated and 10.39 million
unvaccinated) were assessed, and vaccination was asso-
ciated with a reduced risk of venous thromboembolism
and arterial thrombosis for both acute (30-day) and post-
acute (31 to 365 days) COVID infection [32]. These data
not only contradict claims made by anti-vaccine propo-
nents, who argue that COVID-19 vaccines could increase
the risk of thrombosis, but suggest the contrary, that
vaccination against COVID-19 may confer a protective
effect against thromboembolic events after infection or
during COVID-19 hospitalization.

Whereas our analysis focused on hospitalized COVID-
19 patients, other larger studies have used matched strat-
egies but also included general population or ambulatory
patients. A population-based Taiwanese observational
study conducted during a predominant Omicron wave
found reduced COVID-19 mortality and hospitalization
rates among vaccinated individuals compared to unvacci-
nated ones. The benefits were more evident among those
who had completed three vaccine doses (two primary
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doses and one booster) or received a protein-based vac-
cine as the primary one [33].

Additionally, a case-control study conducted in Hong
Kong during the Omicron wave matched 1,781 cases
to 1,737 controls aged 3 to 105 years based on PS. The
authors found that two doses of CoronaVac were poorly
protective against severe disease in individuals aged >60
years, but vaccine effectiveness increased substantially
after the third dose. This study highlights the importance
of booster doses and further supports the protective
effect of COVID-19 vaccines observed in our study [34].

Another population-based observational study con-
ducted in Hong Kong among hospitalized COVID-19
patients aimed to estimate the vaccine effectiveness of
one, two, and three doses of both the BNT162b2 and
CoronaVac vaccines. The study observed that two doses
of either vaccine protected against severe disease and
death within 28 days of a positive test [35].

These studies reinforce our findings that COVID-19
vaccination significantly reduces severe outcomes and
mortality, highlighting the critical role of vaccines in
high-risk populations.

This study has limitations. It is a retrospective analy-
sis reliant on patient records. While we collected data
on vaccine doses and brands, we did not gather detailed
information on the number of doses for each brand.
Although Brazil has implemented a centralized com-
puterized vaccination system to verify individual vac-
cination records, the data collected for this study was
de-identified to comply with ethical regulations, prevent-
ing us from checking individual vaccine information for
each included patient. Therefore, while we collected data
on vaccine doses and brands, we were unable to capture
detailed information on the specific number of doses of
each vaccine brand administered to each patient.

There was a high frequency of missing data on vacci-
nation status, and we could not determine the vaccina-
tion date as it was not reported. Therefore, we could not
affirm whether it happened 14 days before admission,
which is established as the interval necessary to build
an immune response after vaccination. Furthermore, for
the data available, the sample size was too small to com-
pare the effect of different vaccine brands and sched-
ules. However, despite this limitation, we could observe
undoubtedly lower rates of severe outcomes among those
who were vaccinated. Additionally, prior COVID-19
infections have not been assessed, and previous natural
infections have been associated with some protection
against severe illness [36].

Furthermore, although our study included data from 27
hospitals in five Brazilian states, our findings may not be
generalizable to the entire country, mainly because of the
heterogeneity of the Brazilian population and the varia-
tion in the level of care across different regions. Virus
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sequencing was not carried out, making it impossible to
define which variant caused hospitalization, leading to
assumptions based on the predominant variant during
the study period. Nevertheless, over 70% of the matched
sample was captured during the second wave, which
coincided with the Delta-dominant period, characterized
by a highly virulent variant.

This study also has several strengths. We applied
advanced analytical techniques, including PS match-
ing, IPW, and the inclusion of PS as a covariate. For
each method, we conducted logistic regression analyses,
which helped to minimize potential confounding factors.
Additionally, we utilized a machine learning approach to
better understand the influence of vaccination and other
variables on the outcomes assessed.

We included only hospitalized patients admitted with a
positive test, for COVID-19 in the context of symptoms,
and COVID-19 was the main reason for hospitalization.
Patients admitted for other reasons with a positive test
for COVID-19 were excluded. This is important because
these patients, also known as “hospital-manifested
COVID-19, may have different clinical courses during
hospitalization and studies have shown that they have
higher mortality and ICU admission rates [37]. Our study
offers a real-life perspective of variables and outcomes
of the population hospitalized with COVID-19 over a
13-month observational period.

Furthermore, we evaluated all vaccines approved for
use in Brazil, including multiple vaccines and mixed
immunization schemes. Although we could not estimate
the efficacy of each specific scheme, this can be helpful
when assessing policies for future vaccine implementa-
tion, especially in countries where vaccination campaigns
are still in the early stages. In our matching strategy, we
used specific diseases known to impact COVID severity
and not groups of disease as other authors did [12, 28],
which theoretically would facilitate the matching strat-
egy but certainly would not create real balanced groups.
In contrast to other authors [12, 13], we also included
obesity in the PS analysis because, in addition to its
importance in COVID-19 prognosis [38], it was the only
comorbidity most common in unmatched unvaccinated
patients. Finally, another strength is that we conducted
a notably comprehensive study, which represents one of
the largest matched analyses to date, comparing various
objective outcomes among hospitalized populations.

Conclusions

In conclusion, this study highlights the consistent ben-
efits of full vaccination among patients hospitalized with
COVID-19 in Brazil. Fully vaccinated patients experi-
enced lower mortality rates, reduced severe outcomes,
fewer ICU admissions, and shorter hospital stays. These
underscore the critical role of vaccination in reducing
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COVID-19 severity and mortality. Our findings have
important implications for public health strategies and
support the critical importance of vaccination efforts,
particularly in low-income countries, where vaccination
coverage remains suboptimal, especially for completing
primary series. Furthermore, our findings diminish con-
cerns about vaccine safety, particularly regarding throm-
bogenesis, reinforcing the importance of widespread
vaccination campaigns.
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