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Abstract: The global challenge posed by the prolonged COVID-19 pandemic underscores the critical
need for ongoing genomic surveillance to identify emerging variants and formulate effective public
health strategies. This retrospective observational study, conducted in a reference hospital in North-
east Brazil and comprising 2116 cases, employed PCR genotyping together with epidemiological
data to elucidate the impact of the Gamma variant during its emergence, revealing distinct patterns
in hospitalization rates, severity of illness, and outcomes. The study emphasizes the challenges
posed by the variant, particularly an increased tendency for ICU admissions and respiratory sup-
port, especially among adults aged 18 to 59 without comorbidities. Laboratory analyses further
demonstrate elevated inflammatory, coagulation, and hepatic markers in the Gamma variant cohort,
suggesting a more severe systemic response. Despite limitations, including a retrospective approach
and single-institution data, the study underscores the importance of ongoing genomic surveillance.
Overall, this research contributes valuable insights into the impact of the Gamma variant on COVID-
19 dynamics, advocating for continued research and surveillance to inform effective public health
strategies regarding evolving viral variants.

Keywords: SARS-CoV-2; gamma; coronavirus disease-19 (COVID-19)

1. Introduction

The COVID-19 pandemic has posed a significant global public health challenge, mark-
ing one of the most profound crises in the 21st century thus far. The establishment of
an ongoing genomic surveillance initiative is crucial for promptly identifying emerging
variants and formulating effective policies and strategies for mitigating the spread of
SARS-CoV-2 and potential future infectious diseases. Since its emergence in Wuhan in
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December 2019, the SARS-CoV-2 virus has undergone considerable evolution. Despite
genetic proofreading mechanisms that limit sequence diversity in coronaviruses, including
SARS-CoV-2, natural selection can still act on occasional advantageous mutations. The
COVID-19 pandemic contributed to the accumulation of immunologically significant muta-
tions, potentially altering the virus’s transmission, pathogenesis, and antigenic properties.
Notably, the gene encoding the spike protein emerged as a major focal point for modifica-
tions within the viral genome. Furthermore, it exhibited a high degree of conformational
freedom, implying that the ability of the S component to adopt different shapes may play a
role in the structural integrity or resilience of the virus [1-3].

The first reported mutation in the SARS-CoV-2, D614G in the spike protein, emerged
in Germany and China in January 2020 [4]. The globally identified D614G mutation
was associated with the emergence of new strains, along with notable mutations such as
501Y.V1 in England and deletions (AH69/AV70 and AY144), playing an instrumental role
in classifying variants of concern (VOC) by the World Health Organization (WHO) [4-7].
These mutations pose a greater risk due to their potential for increased transmissibility,
reinfection, severity, immune escape, and reduced vaccine efficacy [8,9]. Furthermore,
mutations in the SARS-CoV-2 spike receptor binding domain (RDB) play a crucial role in
direct interactions with the human ACE2 receptor, thereby facilitating host-cell invasion.
Nonetheless, it is important to note that the lethality of most new viral strains has either
remained constant or decreased, as indicated by prior research [4,7,10].

In genomic surveillance, accumulated mutations can serve as molecular markers for
tracking geographically dispersed viruses. Examples include distinct lineages of SARS-
CoV-2 with multiple spike protein mutations: Alpha in the UK, Beta in South Africa, and
Gamma and P.2 in Brazil (both derived from the B.1.1.28 lineage) [6,11].

The Gamma variant, first identified in Amazonas, Brazil, gained international recog-
nition during the second wave of the COVID-19 pandemic in January 2021 [12]. This
variant displayed a gradual accumulation of mutations in the spike region, correlating
with an increase in the number of cases of the disease [13]. Its emergence significantly
impacted Brazil’s healthcare system, leading to a drastic rise in intensive care unit (ICU)
bed occupancy and pushing several states to the brink of a healthcare collapse [14,15].
Notably, the Gamma variant was detected in Salvador, one of the largest cities in northeast-
ern Brazil, around late December 2020 and early January 2021 [16]. This coincided with
an alarming increase in hospital admissions and COVID-19-related deaths in the state of
Bahia, particularly in February and March 2021. During this period, a notable demographic
shift in ICU admissions was observed in a private hospital in Salvador [17]. Concurrently,
other variants such as Alpha (B.1.1.7, lineage 20I) and Beta (B.1.351, lineage 20H) were also
present in Brazil. However, according to data from the GISAID database, these variants had
a lower prevalence compared to the Gamma variant, emphasizing the prevailing influence
of Gamma in the region [18].

The capacity to track viral evolution plays a pivotal role in shaping public health
strategies in response to the COVID-19 pandemic [19]. Monitoring the prevalence and
dynamics of these VOCs carries significant clinical and epidemiological implications and is
indispensable for constructing models that delineate the course of the pandemic and the
patterns of mutation it undergoes. While Next Generation Sequencing (NGS) stands as
the widely acknowledged gold standard for the genomic characterization of SARS-CoV-2
variants [20], its adoption remains encumbered by significant costs, particularly in countries
like Brazil. The limited COVID-19 sequencing capabilities in low and middle-income
countries have proven to be a critical challenge in the global fight against the pandemic,
particularly with the emergence of VOCs. In early 2021, only a limited number of cases
were confirmed through whole genomic sequencing for the identification of SARS-CoV-2
in Brazil [21]. Alternatively, PCR genotyping can be used for the detection of mutations
as a more accessible and less expensive method to distinguish the Alpha variant from the
Beta and Gamma variants [22-24].
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Thus, this study employed PCR genotyping alongside epidemiological data to en-
hance the understanding of the epidemiological landscape, correlating it with clinical and
laboratory data among COVID-19 patients from December 2020 to March 2021, during the
presumed emergence of the SARS-CoV-2 Gamma lineage in Salvador, Northeast Brazil.
It evaluated a cohort of 2116 individuals to profile those infected by the Gamma variant
versus other circulating variants, including a notable increase in admissions to the intensive
care unit (ICU) within a prominent private hospital located in Salvador, the fifth most
populous capital city in Brazil.

2. Materials and Methods
Study design

A retrospective observational study was conducted at Sao Rafael Hospital, a private
reference healthcare institution located in Salvador, Bahia, in the Northeast region of
Brazil. Salvador ranks as the fifth most populous city in Brazil, with nearly 2.5 million
inhabitants [25]. This study relied on data collected during the period from December
2020 to March 2021, coinciding with a notable escalation in hospital admissions related to
COVID-19 and the introduction of the Gamma variant. The study included individuals
attending and submitted to COVID-19 testing in the hospital unit, whether hospitalized or
not, and encompassed all age groups.

Data collection

This study was reviewed by local IRBs and received ethical approval from the National
Committee for Ethics on Research (CAAE: 46821621.5.0000.0048). The research dataset
consisted of data on COVID-19 patients who underwent RT-PCR tests and received care
at the Sao Rafael hospital, encompassing comprehensive details regarding their clinical,
laboratory, and demographic profiles. This dataset, comprising 2116 cases, was obtained
from the hospital’s health information system and electronic medical records. The inclusion
and exclusion criteria are detailed in Supplementary Figure S1. The level of severity was
considered based on the need for hospitalization and respiratory support, following the
criteria established by the World Health Organization [26]. Comorbidities were classified
according to the criteria of the Brazilian Ministry of Health (high blood pressure, diabetes
mellitus, lung diseases, cerebrovascular disease, chronic renal disease, immunosuppression,
liver disease, and obesity). The laboratory parameters of 216 individuals admitted to the
ICU were obtained from an electronic system used by the hospital. Additionally, data
regarding confirmed COVID-19 cases in the city of Salvador and the state of Bahia were
obtained from https:/ /bi.saude.ba.gov.br (accessed on 9 December 2023).

RT-PCR Genotyping

The nasopharyngeal swab samples were initially processed by the laboratory’s stan-
dard protocols, using a validated commercial kit Allplex™ SARS-CoV-2 (Seegene, Seoul,
Republic of Korea) following the methodology described previously by de Sousa et al.,
2021 [27]. After the confirmation of SARS-CoV-2 detection, the samples, encoded by the
laboratory system, were stored at —80 °C for subsequent assessment using RT-qPCR geno-
typing assay under conditions optimized by the study. The primers and probes utilized
to discriminate the variants are described in Supplementary Table S2. The primers and
probes were designed using Primer Express v2.0 software (Applied Biosystems, Foster City,
CA, USA). This RT-qPCR genotyping was designed to detect two variants targeting the
A3675-3677 SGF deletion in the ORFla gene and the A69/70 HV deletion in the spike gene,
thereby potentially identifying the Gamma variant (Brazil) and B.1.351 (South Africa). A
concentration of 10 pmol/uL was standardized for the primers and 5 pmol/uL for the
probe. Additionally, 5 uL of TagPath™ 1-Step RT-qPCR master mix, CG (ThermoFisher
Scientific, Waltham, MA, USA) was added, in a final volume of 15 pL. The amplification
temperature protocol used the following steps: 25 °C for 2 min and 50 °C for 15 min for
the cDNA synthesis step, 95 °C for 2 min, and 45 cycles at 95 °C for 3 s and 60 °C for
30 s in the ABI 7500 FAST thermocycler (Applied Biosystems). Alternatively, the TagPath™
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COVID-19 CE-IVD RT-PCR kit (TagPath) (Thermofisher Scientific, Waltham, MA, USA)
was employed according to the manufacturer’s recommendations. The N gene was used
as an amplification standard for SARS-CoV-2 samples following the CDC 2019 Novel
Coronavirus (2019-nCoV) [28].

Statistical analysis

The clinical characteristics, laboratory parameters, and outcomes were displayed in
percentages and as median values along with interquartile ranges (IQR), representing
central tendency and dispersion measures, respectively. The relationship between study
groups was assessed utilizing the Pearson chi-square test and Wilcoxon rank-sum test,
employing a 95% confidence interval (CI). Significance was established for p-values < 0.05.
All statistical analyses were conducted using R (version 4.3.1).

3. Results
3.1. Clinical and Epidemiological Insights in a Northeast Brazilian Hospital during the Second
Wave Linked to the Gamma Variant

Between December 2020 and March 2021, 2116 nasopharyngeal swab samples (out of a
total of 21,618) underwent COVID-19 screening by RT-qPCR genotyping method, following
criteria outlined in Supplementary Figure S1. In Figure 1A, two significant peaks with an
increase in confirmed cases of COVID-19 in the states of Bahia and the city of Salvador,
commonly referred to as waves, are observed. A similar trend was also observed in a
private reference hospital (Sao Rafael Hospital) situated in Salvador (Figure 1B). During
the second wave, the SARS-CoV-2 Gamma lineage was identified in December 2020 and
rapidly emerged as the dominant variant. This is illustrated in Figure 1C, representing
samples sequenced within the study region and deposited in GISAID, along with the results
from RT-qPCR genotyping conducted in this study.
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Figure 1. Distribution of Confirmed COVID-19 Cases by the Gamma Variant in Salvador, Bahia,
During the Second Wave. (A) Daily confirmed COVID-19 cases in Bahia state (BA) and Salvador city
(SSA) with a 7-day average available from Brazil surveillance agency. (B) Daily confirmed COVID-19
cases in Sao Rafael Hospital (SRH) with a 7-day average. (C) Relative frequency of Gamma compared
to other variants in Salvador during the second wave using sequencing data (n = 263) available in
GISAID and (D) the relative frequency of Gamma and other variants by RT-qPCR genotyping method
in samples collected from patients who received care in Sao Rafael Hospital, a private hospital in
Salvador (n = 2116).



Viruses 2024, 16, 467

50f13

Table 1 presents a comparative analysis of the clinical characteristics and outcomes
between individuals infected with the Gamma variant (n = 754) and those with other
COVID-19 variants (n = 1362), as identified through RT-qPCR genotyping assay. Both
groups exhibited remarkably similar distributions in terms of gender and age. Approx-
imately 80% of all confirmed COVID-19 cases did not require hospitalization. Similar
clinical profiles and outcomes were observed for both groups. Patients infected with the
Gamma variant presented a lower cycle threshold (Ct) value of the N gene, compared to the
other variants (p < 0.01). A trend, though a non-statistically significant difference, indicated
higher hospital admissions to both general wards (6.10% vs. 2.35%) and ICUs (11.94% vs.
9.25%) in individuals infected with the Gamma variant as compared to other variants. A
particularly interesting trend was observed among adults aged 18 to 59 without comorbidi-
ties infected with the Gamma variant, who were more likely to require ICU care (37.78% vs.
27.78%). In contrast, patients with other variants exhibited a non-statistically significant
trend toward a higher propensity for ICU admission, predominantly among elderly indi-
viduals (37.78% vs. 49.20%) and those with comorbidities at any age (62.22% vs. 72.22%).

Table 1. Clinical Characteristics and Outcomes of 2116 SARS-CoV-2 Infected Patients Between Decem-
ber 2020 to March 2021: Stratification by PCR Genotyping into Gamma Variant and Other Variants.

P R p-Value
All patients
Femalen (%) 330 (43.77) 652 (47.87) 0.70
Malen (%) 419 (55.57) 699 (51.32) 0.62
did not inform sex n (%) 5 (0.66) 11 (0.81) 1.00
Age (years), median (IQR) 41 (33-54) 41 (32-54) 0.36
Median cycle thresholds (IQR) 16 (13-19) 17 (14-20) <0.01
Non-Hospitalized
Emergency/Laboratory 618 (81.96) 1204 (88.40) 0.60
Hospitalizations
Ward
Ward admissions 1 (%) 46 (6.10) 32 (2.35) 0.30
Age groups, ward n (%) 0.44
>60 9 (19.60) 9 (28.10) 0.21
18-59 37 (80.40) 23 (71.90) 0.49
<18 0 (0.00) 0 (0.00) -
Time on ward, median (IQR) (5 iy 6 3.56 (2.47-5.73) 0.08
ICU
ICU admissions n (%) 90 (11.94) 126 (9.25) 0.66
Time on ICU, median (IQR) (1.925;612000) 7.64 (2.04-15.6) 0.73
Age groups, UCI n (%) 0.15
>60  34(37.78) 62 (49.20) 0.25
18-59 55 (61.11) 61 (48.40) 0.24
<18 1(1.11) 3(2.38) 0.28
Comorbidities, ICU 0.15
yesn (%) 56 (62.22) 91 (72.22) 0.38
non (%) 34 (37.78) 35 (27.78) 0.21
BMI, ICU median (IQR) 27.10 28.70 (25.60-31.60) 0.05

(24.10-31.00)
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P o e p-Value
Non-invasive Respiratory support, ICU < 0.01
supplementary oxygen > 3L, 1 (%) 30 (33.33) 30 (23.81) 0.19
supplementary oxygen <= 3L n (%) 43 (47.78) 38 (30.16) 0.05
none 17 (18.89) 58 (46.03) <0.01
Mechanical ventilation, ICU 0.46
yes 1 (%) 31 (34.44) 37 (29.37) 047
no n (%) 59 (65.56) 89 (70.63) 0.66
Death, ICU 0.97
yes 1 (%) 9 (10.00) 14 (11.11) 0.81
no n (%) 81 (90.0) 112 (88.89) 0.93

Notes: Data are shown as median and interquartile (IQR) range or frequency (percentage). Categorical data were
compared between the clinical groups using the Chi-squared tests. Continuous data were compared between the
clinical groups using the Kruskal-Wallis test (for all groups). Bold font indicates statistical significance (p < 0.05).
Abbreviations: BMI, Body Mass Index; ICU, intensive care unit.

Among patients requiring intensive care, both groups—those infected with the Gamma
variant and those with other variants—showed an increased BMI. However, there was no
statistically significant difference in BMI between these two groups. The duration of ICU
stay ranged from 2 to 15 days in both groups, and the mortality rates were similar, ranging
from 10% to 11% within the group of patients requiring intensive care. Interestingly, a
significant distinction was observed in patients who did not require respiratory support
in the ICU (18.89% vs. 46.03%, p < 0.01), suggesting that those infected with the Gamma
variant consistently required more intensive respiratory assistance compared to those with
other variants. The death rate in the ICU did not show a significant difference between the
Gamma variant and other variants.

3.2. Assessment of ICU-Admitted COVID-19 Patients Stratified by the Gamma Variant and Other
Variants in a Reference Hospital

Table 2 presents a comparative analysis of laboratory parameters among ICU-hospitalized
individuals, distinguishing between those with the Gamma variant (n = 90) and those
with other variants (n = 126). The Gamma variant group showed distinct laboratory
profiles with significant differences in several markers: inflammatory and coagulation
markers (including D-dimer, activated partial thromboplastin time, and ferritin), tissue
damage markers (Lactate Dehydrogenase), liver function markers (alkaline phosphatase
and gamma-glutamyl transferase), muscle damage markers (creatine kinase), and renal
markers (creatinine and urea). These disparities were evident when compared to patients
infected with other COVID-19 variants. Additionally, the Gamma variant group exhibited
slightly higher levels of C-reactive protein (CRP), with a p-value of 0.05. There was also a
noticeable upward trend in cardiac injury markers, specifically NT-proBNP and Troponin,
in the Gamma variant group as opposed to those with other variants.

In Table 3, we present a detailed comparative analysis focusing on COVID-19 patients
admitted to the ICU, specifically comparing those infected with the Gamma variant to
those with other variants. This analysis centers on the utilization of respiratory support as
a key indicator of disease severity. Of these patients, 81% infected by the Gamma variant
and 54% infected by other variants needed respiratory support. Despite the absence of
significant differences in gender or age distribution, a higher proportion of male individ-
uals were hospitalized compared to females requiring respiratory support. However, a
trend suggests higher comorbidity rates among those with other variants who required
respiratory support, while a larger proportion of individuals aged 18 to 59, and those with
no comorbidities, infected with the Gamma variant, were present in the group necessi-
tating respiratory support. Additionally, individuals infected with the Gamma variant
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exhibited longer symptom durations before hospital admission and shorter ICU stays.
Interestingly, there were no significant variations in the use of mechanical ventilation be-
tween the groups requiring oxygen support. Significantly, patients with the Gamma variant
requiring respiratory support displayed elevated levels of laboratory markers, indicating a
more pronounced inflammatory, coagulation, hepatic, and renal response, as evidenced
by elevated levels of C-reactive protein, D-dimer, activated partial thromboplastin time,
lactate dehydrogenase, ferritin, alkaline phosphatase, creatine kinase, gamma-glutamyl
transferase, alanine aminotransferase, aspartate aminotransferase, creatinine, and urea
(p < 0.05).

Table 2. Laboratory Parameters Evaluated in Individuals with COVID-19 Infected with the Gamma
or Other Variants Admitted to the ICU Between December 2020 and March 2021.

Parameters

Gamma

Other Variants

(Reference Value) Median (IQR) Median (IQR) p-Value

CRP (<10 mg/L) 47.80 (25.00-88.20) 42,55 (20.20-87.08) 0.05

D-dimer (<500 ng/mL) 1303 (817.00-2155.50) 1037 (567.00~1899.00) <0.01

Fibrinogen (200 to 400 mg,/dL) 550 (433.25-670.75) 543.50 (443.00-668.25) 0.64

APTT (25 to 40 seg) 20.00 (1.22-40.90) 11.99 (1.09-36.35) <0.01

NTproBi (Rge <50 0 pg/r';r%é 5>07_57:51:89(§)(? 55// HI?I}) 217.50 (103.00-601.75) 213 (103.50-442.50) 0.07
Troponin 1, (<0.034 ng/mL) 0.07 (0.04-0.12) 0.03 (0.02-0.05) 0.06

LDH, (120 to 246 U/L) 347 (279.00~447.00) 287.50 (222.00-358.75) <0.01

Ferritin, (17.9-464 ng/mL) _ 725.00 (398.00-1200.00)  547.30 (336.50-1022.50) <0.01

Bilirubin, (0.2 to 1.3 mg/dL) 0.20 (0.00-0.40) 0.30 (0.00-0.40) 0.08

ALP, (38 to 126 U/L) 97 (74.00-146.25) 71 (54.00-102.75) <0.01
CK, (Female: 30 to 135 U //LL) 90 (45.00-219.50) 68 (40.50-143.00) <0.01
GGT, (Female: 30 to 135 U/L; Male: 15 to 73 U/L) 175 (93.00-329.50) 121 (60.00-219.25) <0.01
ALT, (Female: <35 U //LL) 56 (33.00-91.00) 54 (34.00-84.00) 0.57
AST, (17 to 59 U/L) 46 (32-76) 40 (31-58) <0.01
Creatinine, (0.7 to 1.2 mg/dL) 410 (3.05-4.95) 1.30 (1.00-1.40) <0.01

Urea, (19 to 43 mg/dL) 47 (33.00-73.75) 44 (33.00-59.00) <0.01

Notes: Data are shown as median and interquartile (IQR). Continuous data were compared between the clinical
groups using the Wilcoxon Test (for all groups). Bold font indicates statistical significance (p < 0.05). Abbreviations:
CPR, C-Reactive Protein; APTT, Activated Partial Thromboplastin Time; NT-proBNP, N-terminal prohormone of
brain natriuretic peptide; LDH, Lactate Dehydrogenase; ALP, Alkaline Phosphatase; CK, Creatine Kinase; GGT,
Gamma-glutamyl Transferase; ALT, Alanine Aminotransferase; AST, Aspartate aminotransferase.

Table 3. Comparative Analysis of Clinical Characteristics and Laboratory Parameters in Severe
COVID-19 Cases Admitted to the ICU: Gamma Variant Versus Other Variants.

Respiratory Support Did Not Use
Gomme oM pvawe  Gme oM pvale
Sex, n (%) 0.94 0.73
Female 19 (26.00) 19 (27.94) 0.79 7 (41.20) 19 (32.80) 0.33
Male 54 (74.00) 49 (72.06) 0.87 10 (58.80) 39 (67.20) 0.45
Age, n (%) 0.23 0.46
>60 29 (39.70) 34 (50.0) 0.28 5(29.41) 28 (48.28) 0.83
18-59 44 (60.30) 34 (50.0) 0.33 11 (64.71) 27 (46.55) 0.08
>18 0 (0.00) 0(0.00) - 1(5.88) 3(5.17) 0.03
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Table 3. Cont.
Respiratory Support Did Not Use
Gamma Other Gamma Other
n=73 =68 p Value n=17 =58 p Value
Comorbidity 0.16 0.43
yes, n (%) 47 (64.40) 52 (76.50) 0.31 9 (52.90) 39 (62.70) 0.19
1o, 1 (%) 26 (35.60) 16 (23.50) 0.12 8 (47.10) 19 (32.80) 0.11
12 8 45 7
Days of symptoms (8.00-19.00) (5.00-11.50) <0.01 (1.75-8.25) (4.25-11.00) 0.03
Time on ICU, 7.49 12.30 0.02 1.00 212 027
median (IQR) (3.29-18.20) (7.07-23.90) - (0.38-3.48) (0.26-6.73) '
MV, ICU 021 1.00
ves, n(%) 31 (42.5) 37 (54.40) 0 (0.00) 0 (0.00)
1o, n(%) 42 (57.5) 31 (45.60) 17 (100) 58 (100)
Laboratory markers with reference value
median (IQR) median (IQR)
CRP 48.20 42,60 001 39.95 47.10 008
(<10 mg/L) (25.10-89.70) (21.70-71.50) - (19.90-83.90) (22.25-134.20) '
D-dimer 1306 1185 <001 1186 829 0.08
(<500 ng/mL) (824.00-2176.75) (673.50-1634.50) - (587.75-2011.75) (546.50-1588.00) '
Fibrinogen 552 524 035 537 549 0.41
(200 to 400 mg/dL) (433.25-672.00) (439.25-614.50) : (433.00-664.25) (463.75-676.75) '
APTT 20.00 1134 <001 11.99 12.89 077
(25 to 40 seg) (1.22-41.00) (1.10-36.92) - (1.08-36.00) (1.13-37.45) '
NT-proBNP
(Age <50: 450 pg/mL, 216.00 222.00 029 217.00 209.50 030
50-75: 900 pg/mL, and (102.00-620.00) (147.50-367.00) : (107.50-503.00) (94.5-338.75) ‘
>75: 1800 pg/mL)
LDH 348.00 28750 <001 277.00 311.00 031
(120 to 246 U/L (281.00-448.00) (204.25-415.50) . (217.00-347.00) (250.00-394.00) '
Ferritin 743.00 543.00 <001 547.00 545.00 053
(17.9 to 464 ng/mL) (409.25-1214.00) (132.00-922.00) - (354.00-1100.00) (286.35-921.5) '
Bilirubin 0.2 0.2 0.3 0.2
(0.2t0 1.3 mg/dL) (0-0.4) (0-0.3) 0.06 (0-0.4) (0-0.4) 0.02
ALP 98.00 74.50 <001 71.00 71.00 077
(38 to 126 U/L) (74.00-148.00) (58.50-91.50) - (52.75-100.00) (56.00-103.75) '
CK (Female: 30 to
ale: 30 91.00 51.00 70.00 62.50
o gfb Male: 55 to (48.00-237.75) (30.5-110.00) <0.01 (40.50-134.50) (41.50-195.75) 0.05
GGT (Female: 12 to
emale: 180 84 131 87
43 U/L; Male: 15 to (95-333.75) (65-153.75) <0.01 (64-242.00) (44-172.00) 0.55
73U/L)
ALT
, , 55 58 57 48
ﬁiﬁ?lfégff/%/ L (33.00-92.00) (32.25-86.50) 031 (37.00-90.75) (29.00-73.00) 0.19
AST 46.00 37.00 <001 40.00 4450 063
(171059 U/L) (32.00-76.00) (27.00-75.50) - (30.00-57.00) (33.00-58.00) '
Creatinine 4.10 0.70 0.04 1.09 1.30 0.25
(0.7 to 1.2 mg/dL) (3.42-4.97) (0.70-0.70) - (0.99-1.20) (1.05-2.40) '
Urea 49 28 45 40
(19 to 43 mg/dL) (35.00-76.00) (21.50-38.00) <0.01 (21.50-60.00) (30.00-55.00) <0.01

Notes: Data are shown as median and interquartile (IQR) range or frequency (percentage). Categorical data were
compared between the clinical groups using the Chi-squared tests. Continuous data were compared between the
clinical groups using the Kruskal-Wallis test (for all groups). Bold font indicates statistical significance (p < 0.05).
Abbreviations: BMI, Body Mass Index; HBP, high blood pressure; ICU, intensive care unit; CPR, C-Reactive
Protein; APTT, Activated Partial Thromboplastin Time; NT-proBNP, N-terminal prohormone of brain natriuretic
peptide; LDH, Lactate Dehydrogenase; ALP, Alkaline Phosphatase; CK, Creatine Kinase; GGT, Gamma-glutamyl
Transferase; ALT, Alanine Aminotransferase; AST, Aspartate aminotransferase.

4. Discussion

The emergence of new variants of SARS-CoV-2, such as the Gamma variant, has
posed significant challenges to global health. This study aimed to explore the clinical
and epidemiological implications of the Gamma variant in Northeast Brazil during the
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second wave of the COVID-19 pandemic in Brazil. The results provide valuable insight
into the impact of the Gamma variant on hospitalization rates, severity of illness, and the
need for intensive care. Furthermore, this study emphasizes the importance of genomic
surveillance in tracking the prevalence of variants and understanding their implications for
public health.

Previously, a multiplexed RT-qPCR method was published that was capable of differ-
entiating the B.1.1.7, B.1.351 and P.1 variants of interest simultaneously [29]. The TaqPath
COVID-19 assay from Applied Biosystems (ThermoFisher) was also utilized for screening
the P.1 variant as a commercial option. In accordance with these protocols, this study
utilized samples that were sequenced during the standardization of RT-PCR genotyping
with 100% agreement. Furthermore, the distribution of variants in the study region was
found to be consistent between the graphs of the sequenced samples and those reported by
RT-PCR genotyping (Figure 1C,D). This study successfully employed RT-gPCR genotyping
alongside epidemiological data to profile individuals infected with the Gamma variant,
providing a comprehensive overview of the epidemiological landscape. The use of PCR
genotyping, as a cost-effective alternative sequencing method, allowed for the efficient
analysis of a large number of samples during a period when Brazil still faced challenges
in conducting large-scale genomic monitoring [30]. The rise of the Gamma variant in
samples from a reference private hospital, reflecting the trend in Salvador and across Brazil,
coincided with an increase in hospitalizations, especially among adults. Additionally, it
highlighted distinctions in the patient profile between the Gamma variant compared to
other variants from December 2020 to March 2021.

The clinical characteristics and outcomes of individuals infected with the Gamma
variant were compared to those with other variants, revealing important distinctions.
Notably, individuals infected with the Gamma variant showed a higher tendency for ICU
admissions, especially among adults aged 18 to 59 without comorbidities. Moreover, the
analysis of ICU patients needing respiratory support revealed that a greater percentage
of adults without comorbidities infected with the Gamma variant required this support.
Additionally, they exhibited elevated laboratory markers compared to those with other
variants, suggesting a more pronounced inflammatory and respiratory response linked to
the Gamma variant. In a parallel study conducted in southern Brazil with a more limited
cohort, increased rates of advanced ventilatory support and mortality were observed
among those with confirmed Gamma infections compared to non-Gamma-infected patients,
implying a more severe clinical course [31]. This finding further suggests that non-elderly
patients hospitalized for COVID-19 with the Gamma variant during the second wave
exhibited greater disease severity. While a study in Brazil reported an increased risk for
pediatric and adolescent individuals with COVID-19 caused by the Gamma variant [32],
our study did not observe relevant information in this specific population.

Severe COVID-19 cases often trigger unchecked inflammation and cytokine storms.
Assessing serum levels of pro-inflammatory cytokines can serve various purposes in man-
aging COVID-19: risk evaluation, disease monitoring, prognosis, therapy selection, and
treatment response prediction [33]. The study evaluated the laboratory parameters of
ICU-admitted patients, providing a detailed comparison between those infected with the
Gamma variant and those infected with other variants. The Gamma variant cohort exhib-
ited distinct laboratory profiles, including elevated levels of inflammatory and coagulation
markers. Moreover, some markers of organ damage were more elevated, suggesting a
potential increase in the severity profile of the patients infected with the Gamma vari-
ant. These findings suggest a more severe and systemic response to infection with the
Gamma variant, potentially contributing to increased ICU admissions. Few studies have
systematically explored clinical and laboratory datasets related to the prevalence of the
Gamma variant in Brazil. Previously, differences between individuals with moderate and
severe COVID-19 were investigated in Northeast Brazil during the second wave [34]. An-
other study prior to the second wave highlighted pronounced alterations in inflammatory
markers and comorbidities among critically ill elderly COVID-19 patients [35]. Cytokine
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analysis provided valuable insights into the immune response during COVID-19; however,
interpreting the data necessitates careful consideration of the variability in cytokine profiles
among patients, influenced by factors such as age, comorbidities, disease severity, and
immune status [36].

Furthermore, the observed 1-log reduction in cycle threshold values in samples from
patients infected with the Gamma variant implies an association with increased severity.
This observation was made previously in the context of a comparison of real-time RT-PCR
cycle threshold values with clinical features and severity among hospitalized patients in
the first and second waves of the COVID-19 pandemic in India [37]. Nevertheless, it is
crucial to emphasize that the cycle threshold value alone cannot be deemed a dependable
surrogate marker of infectivity. Moreover, infectivity is also impacted by additional factors,
such as host immunity. As a limitation of the study during this period, which also coincided
with the beginning of vaccination in Brazil, there were no data available regarding the
vaccination status of these patients. Notably, vaccination in Brazil began with the elderly
population, and during the study period adults and young individuals had not yet received
the vaccination.

The emergence of the Gamma variant and its specific propensity for propagation
in Brazil, while not extending to other countries, remains an unresolved inquiry [38].
Characterized by its elevated viral load, the Gamma variant demonstrated heightened
transmissibility and virulence in contrast to other circulating variants during that time-
frame, showcasing consistent clinical and epidemiological patterns across Brazil [17,39].
Interestingly, subsequent variants, like the Omicron variant, have exhibited lower rates
of hospitalization. Three reasons accounting for this include: (i) the benefits of SARS-
CoV-2 vaccination; (ii) unique mutations within the Omicron variant not identified in
earlier strains (N764K, D796Y, N856K, Q954H, N969K, and L981F); and (iii) the Omicron
alters spike cleavage efficiency and reduces transmembrane serine protease 2 (TMPRSS2)-
mediated entry, leading to diminished cell fusion and syncytial formation compared to the
Alpha and Delta variants [40].

The study acknowledges the limitations of its retrospective approach and the use of
a single healthcare institution’s data. The use of RT-PCR genotyping did not allow the
stratification of the different variants that were present in the non-Gamma group, and the
precise identification of the different variants that were circulating in that period would
rely on sequencing data. The results presented herein, however, underscore the significance
of ongoing genomic surveillance, especially in regions with limited resources.

5. Conclusions

In summary, this study provides insights into the clinical and epidemiological impact
of the Gamma variant in Northeast Brazil. The emergence of this variant during the second
wave was associated with increased transmission and notable shifts in hospitalization
patterns. The distinctive clinical and laboratory characteristics of individuals infected with
the Gamma variant, along with elevated rates of ICU admissions and respiratory support,
emphasize the potential severity linked to this lineage. The implementation of cost-effective
methods like PCR genotyping can enhance the capacity to track variants and guide public
health interventions. The COVID-19 pandemic has highlighted the importance of ongoing
research and surveillance efforts in comprehending the dynamics of emerging variants and
guiding effective public health strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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List for the SARS-CoV-2 Variant Detection Using the PCR Method for Genotyping; Supplementary
Figure S1: Scheme of the Study Design.

Author Contributions: Conceptualization, CK.V.N. and B.S.d.ES.; methodology, AM.d.J.R., G.VR,,
FdML,INB,S.AST,CKVN, A AFE],HSdH,SLS. and G.S,; investigation, AM.dJ.R,, G.VR,,


https://www.mdpi.com/article/10.3390/v16030467/s1
https://www.mdpi.com/article/10.3390/v16030467/s1

Viruses 2024, 16, 467 11 of 13

C.K.VN.,, A.VAM., CA.GR. and B.S.d.ES.; resources, B.S5.d.FE.S.; data curation, C.K.VN., TG.LW.,,
VEC., ZS.C.-F. and B.S.d.ES.; writing—original draft preparation, C. K.V.N.,, AM.d.J.R. and G.VR;
writing—review and editing, B.S.d.E.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by CNPq (#310884 /2022-5), Inova Fiocruz—COVID-19 (#1655481121
789973244974), and Maria Emilia Foundation (Research Scholarships).

Institutional Review Board Statement: This study was reviewed by local IRBs and received ethical
approval by the National Committee for Ethics on Research (CAAE: 46821621.5.0000.0048).

Informed Consent Statement: Patient consent was waived for this retrospective study, as it exclu-
sively utilized residual samples from confirmed COVID-19 cases collected and processed in 2021. The
study relied on medical record data, and stringent measures were implemented to protect sensitive
information and ensure the complete confidentiality of patient identification.

Data Availability Statement: The clinical and laboratory data presented in this study originate from
the confidential and restricted-access records of Sdo Rafael Hospital.

Acknowledgments: We extend our appreciation to the Information Technology, Laboratory, and Hos-
pital Infection Control departments of Sao Rafael Hospital for their invaluable support in facilitating
the retrieval of patient records and laboratory data utilized in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Weekly Epidemiological Update on COVID-19—26 October 2022. Available online: https://www.who.int/publications/m/
item /weekly-epidemiological-update-on-covid-19---26-october-2022 (accessed on 9 December 2023).

2. Markov, P.V.; Ghafari, M.; Beer, M.; Lythgoe, K.; Simmonds, P; Stilianakis, N.I.; Katzourakis, A. The evolution of SARS-CoV-2.
Nat. Rev. Microbiol. 2023, 21, 361-379. [CrossRef] [PubMed]

3.  Pierri, C.L. SARS-CoV-2 spike protein: Flexibility as a new target for fighting infection. Signal Transduct. Target. Ther. 2020, 5, 254.
[CrossRef] [PubMed]

4. Korber, B.; Fischer, WM.; Gnanakaran, S.; Yoon, H.; Theiler, J.; Abfalterer, W.; Montefiori, D.C. Tracking changes in SARS-CoV-2
spike: Evidence that D614G increases infectivity of the COVID-19 virus. Cell 2020, 182, 812-827. [CrossRef]

5. Hodcroft, E.B.; Zuber, M.; Nadeau, S.; Vaughan, T.G.; Crawford, K.H.; Althaus, C.L.; Reichmuth, M.L.; Bowen, J.E.; Walls, A.C.;
Corti, D.; et al. Spread of a SARS-CoV-2 variant through Europe in the summer of 2020. Nature 2021, 595, 707-712. [CrossRef]
[PubMed]

6. SARS-CoV-2 Variant Classifications and Definitions. Centers for Disease Control and Prevention. Available online: https:
/ /www.cdc.gov/coronavirus/2019-ncov /variants/ variant-classifications.html (accessed on 9 December 2023).

7. Grubaugh, N.D.; Hanage, W.P,; Rasmussen, A.L. Making sense of mutation: What D614G means for the COVID-19 pandemic
remains unclear. Cell 2020, 182, 794-795. [CrossRef] [PubMed]

8. Nonaka, C.K.; Franco, M.M.; Grif, T.; de Lorenzo Barcia, C.A.; de Avila Mendonga, R.N.; De Sousa, K.A.F,; de Freitas Souza,
B.S. Genomic evidence of SARS-CoV-2 reinfection involving E484K spike mutation, Brazil. Emerg. Infect. Dis. 2021, 27, 1522.
[CrossRef]

9. Ramesh, S.; Govindarajulu, M.; Parise, R.S.; Neel, L.; Shankar, T.; Patel, S.; Moore, T. Emerging SARS-CoV-2 variants: A review of
its mutations, its implications and vaccine efficacy. Vaccines 2021, 9, 1195. [CrossRef]

10. Tragni, V.; Preziusi, F,; Laera, L.; Onofrio, A.; Mercurio, I.; Todisco, S.; Volpicella, M.; De Grassi, A.; Pierri, C.L. Modeling
SARS-CoV-2 spike/ACE2 protein—protein interactions for predicting the binding affinity of new spike variants for ACE2, and
novel ACE2 structurally related human protein targets, for COVID-19 handling in the 3 PM context. EPMA |. 2022, 13, 149-175.
[CrossRef]

11.  van Dorp, L.; Houldcroft, C.J.; Richard, D.; Balloux, E. COVID-19, the first pandemic in the post-genomic era. Curr. Opin. Virol.
2021, 50, 40-48. [CrossRef]

12. Faria, N.R,; Claro, I.M.; Candido, D.; Franco, L.M.; Andrade, P.S.; Coletti, T.M.; Sabino, E.C. Genomic characterization of an
emergent SARS-CoV-2 lineage in Manaus: Preliminary findings. Virological 2021, 372, 815-821. [CrossRef]

13. Sgorlon, G.; Roca, T.P; Passos-Silva, A.M.; Custédio, M.G.E; Queiroz, ].A.d.S; da Silva, A.L.F; Teixeira, K.S.; Batista, F.S.; Salcedo,
J.M.V,; Rampazzo, R.d.C.P; et al. SARS-CoV-2 Spike Protein Mutations in Different Variants: A Comparison between Vaccinated
and Unvaccinated Population in Western Amazonia. Bioinform. Biol. Insights 2023, 17, 11779322231186477. [CrossRef]

14. Martins, A.F; Zavascki, A.P.; Wink, P.L.; Volpato, F.C.Z.; Monteiro, FL.; Rosset, C.; Barth, A.L. Detection of SARS-CoV-2 lineage P

1 in patients from a region with exponentially increasing hospitalization rate, February 2021, Rio Grande do Sul, Southern Brazil.
Eurosurveillance 2021, 26, 2100276. [CrossRef]


https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---26-october-2022
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---26-october-2022
https://doi.org/10.1038/s41579-023-00878-2
https://www.ncbi.nlm.nih.gov/pubmed/37020110
https://doi.org/10.1038/s41392-020-00369-3
https://www.ncbi.nlm.nih.gov/pubmed/33127889
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1038/s41586-021-03677-y
https://www.ncbi.nlm.nih.gov/pubmed/34098568
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html
https://doi.org/10.1016/j.cell.2020.06.040
https://www.ncbi.nlm.nih.gov/pubmed/32697970
https://doi.org/10.3201/eid2705.210191
https://doi.org/10.3390/vaccines9101195
https://doi.org/10.1007/s13167-021-00267-w
https://doi.org/10.1016/j.coviro.2021.07.002
https://doi.org/10.1101/2021.02.26.21252554
https://doi.org/10.1177/11779322231186477
https://doi.org/10.2807/1560-7917.ES.2021.26.12.2100276

Viruses 2024, 16, 467 12 of 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

de Oliveira Lima, H.; da Silva, L.M.; de Campos Vieira Abib, A ; Tavares, L.R.; Santos, D.W.D.C.L.; de Araujo, A.C.L.E,; Moreira,
L.P; Silveira, 5.Q.; de Melo Silva Torres, V.; Simoes, D.; et al. Coronavirus disease-related in-hospital mortality: A cohort study in
a private healthcare network in Brazil. Sci. Rep. 2022, 12, 6371. [CrossRef]

de Siqueira, I.C.; Camelier, A.A.; Maciel, E.A.; Nonaka, C.K.; Neves, M.C.; Macédo, Y.S.; de Sousa, K.A.; Araujo, V.C.; Paste, A.A,;
de Freitas Souza, B.S.; et al. Early detection of P. 1 variant of SARS-CoV-2 in a cluster of cases in Salvador, Brazil. Int. . Infect. Dis.
2021, 108, 252-255. [CrossRef]

Nonaka, C.K.V,; Gréf, T.; de Lorenzo Barcia, C.A.; Costa, V.F,; de Oliveira, J.L.; da Hora Passos, R.; de Freitas Souza, B.S.
SARS-CoV-2 variant of concern P. 1 (Gamma) infection in young and middle-aged patients admitted to the intensive care units of
a single hospital in Salvador, Northeast Brazil, February 2021. Int. J. Infect. Dis. 2021, 111, 47-54. [CrossRef] [PubMed]

Levi, J.E.; Oliveira, C.M.; Croce, B.D.; Telles, P; Lopes, A.C.W.; Romano, C.M.; Campana, G. Dynamics of SARS-CoV-2 variants of
concern in Brazil, early 2021. Front. Public Health 2021, 9, 784300. [CrossRef]

Sequencing of SARS-CoV-2: First Update; ECDC: Stockholm, Sweden, 2021. Available online: https://www.ecdc.europa.eu/sites/
default/files/documents/Sequencing-of-SARS-CoV-2-first-update.pdf (accessed on 9 December 2023).

SARS-CoV-2 Genomic Sequencing for Public Health Goals: Interim Guidance. 8 January 2021. Available online: https://apps.
who.int/iris/handle/10665/338483 (accessed on 9 December 2023).

Lamarca, A.P,; de Almeida, L.G.P.; Francisco, R.d.S., Jr.; Lima, L.F.A.; Scortecci, K.C.; Perez, V.P.; Brustolini, O.].; Sousa, E.S.S.;
Secco, D.A.; Santos, AM.G.; et al. Genomic surveillance of SARS-CoV-2 tracks early interstate transmission of P. 1 lineage and
diversification within P. 2 clade in Brazil. PLoS Neglected Trop. Dis. 2021, 15, €0009835. [CrossRef] [PubMed]

Vogels, C.B.E; Breban, M.L; Ott, LM.; Alpert, T.; Petrone, M.E.; Watkins, A.E.; Kalinich, C.C.; Earnest, R.; Rothman, J.E.; de Jesus,
J.G.; et al. Multiplex qPCR discriminates variants of concern to enhance global surveillance of SARS-CoV-2. PLoS Biol. 2021,
19, €3001236. [CrossRef]

Korukluoglu, G.; Kolukirik, M.; Bayrakdar, F.; Ozgumus, G.G.; Altas, A.B.; Cosgun, Y.; Ketre Kolukirik, C.Z. 40 minutes RT-qPCR
Assay for Screening Spike N501Y and HV69-70del Mutations. bioRxiv 2021. [CrossRef]

Erster, O.; Beth-Din, A.; Asraf, H.; Levy, V.,; Kabat, A.; Mannasse, B.; Zuckerman, N.S. Specific detection of SARS-CoV-2 B. 1.1. 529
(omicron) variant by four RT-qPCR differential assays. medRxiv 2021. [CrossRef]

Censo Demografico. 2022. Available online: https:/ /www.ibge.gov.br/estatisticas/sociais/trabalho/22827-censo-demografico-
2022.htmll (accessed on 9 December 2023).

Marshall, J.C.; Murthy, S.; Diaz, J.; Adhikari, N.K.; Angus, D.C.; Arabi, Y.M.; Baillie, K.; Bauer, M.; Berry, S.; Blackwood, B.; et al. A
minimal common outcome measure set for COVID-19 clinical research. Lancet Infect. Dis. 2020, 20, €192—-e197. [CrossRef]

de Sousa, K.A.F; Nonaka, C.K.V; de Avila Mendonga, R.N.; Mascarenhas, V.N.; Weber, T.G.L.; Regis Silva, C.G.; Gurgel Rocha,
C.A. SARS-CoV-2 Detection via RT-PCR in Matched Saliva and Nasopharyngeal Samples Reveals High Concordance in Different
Commercial Assays. Diagnostics 2023, 13, 329. [CrossRef]

CDC Influenza SARS-CoV-2 (Flu SC2) Multiplex Assay. Available online: https:/ /www.cdc.gov/Coronavirus/2019-Ncov/Lab/
Rt-Pcr-Panel-Primer-Probes.Html (accessed on 9 December 2023).

Vogels, C.; Fauver, J.; Grubaugh, N. Multiplexed RT-qPCR to screen for SARS-COV-2 B. 1.1. 7, B. 1.351, and P. 1 variants of
concern. Protocols. Io 2021, 3. [CrossRef]

Banho, C.A.; Sacchetto, L.; Campos, G.R.F; Bittar, C.; Possebon, ES.; Ullmann, L.S.; Nogueira, M.L. Impact of SARS-CoV-2
Gamma lineage introduction and COVID-19 vaccination on the epidemiological landscape of a Brazilian city. Commun. Med.
2022, 2, 41. [CrossRef]

Zavascki, A.P; Vieceli, T.; Wink, P.L.; Volpato, EC.Z.; Monteiro, F.L.; Willig, ].B.; Ferreira, C.F.; Arns, B.; Costa, G.O.M.; Niches,
M.d.S; et al. Evaluation of Clinical Course of Gamma (P. 1) Variant of Concern versus Lineages in Hospitalized Patients with
COVID-19 in a Reference Center in Brazil. Am. |. Trop. Med. Hyg. 2022, 107, 245. [CrossRef]

Oliveira, E.A.; Simoes E Silva, A.C.; Oliveira, M.C.L.; Colosimo, E.A.; Mak, R.H.; Vasconcelos, M.A.; Miranda, D.M.; Martelli, D.B.;
Silva, L.R; Pinhati, C.C.; et al. Comparison of the first and second waves of the coronavirus disease 2019 pandemic in children
and adolescents in a middle-income country: Clinical impact associated with severe acute respiratory syndrome coronavirus 2
gamma lineage. J. Pediatr. 2022, 244, 178-185. [CrossRef] [PubMed]

Liu, B.M.; Martins, T.B.; Peterson, L.K.; Hill, H.R. Clinical significance of measuring serum cytokine levels as inflammatory
biomarkers in adult and pediatric COVID-19 cases: A review. Cytokine 2021, 142, 155478. [CrossRef] [PubMed]

Aratjo, S.L.D.M.; Feitosa, T.A.; Pereira, V.C.; Andrade, C.C.D.; Silva, A.T.P; Andrade, L.V.D.; Carmo, R.E.D. Clinical characteristics
and laboratory parameters associated with the risk of severe COVID-19 in patients from two hospitals in Northeast Brazil. Rev.
Da Soc. Bras. De Med. Trop. 2022, 55, €0119. [CrossRef] [PubMed]

Picon, Y.; Joveleviths, D.; Alvares-DA-Silva, M.R. Minimal liver enzymes abnormalities at admission are related to severe
COVID-19 clinical course in a large Brazilian cohort. Arg. Gastroenterol. 2023, 60, 11-20. [CrossRef] [PubMed]

Liu, B.M.; Hill, H.R. Role of host immune and inflammatory responses in COVID-19 cases with underlying primary immunodefi-
ciency: A review. |. Interferon Cytokine Res. 2020, 40, 549-554. [CrossRef] [PubMed]

Natarajan, S.; Ranganathan, M.; Natarajan, PL.; Nesakumar, M.; Anbalagan, S.; Precilla, K.L.; Hanna, L.E. Comparison of
Real-time RT-PCR cycle threshold (Ct) values with clinical features and severity of COVID-19 disease among hospitalized patients
in the first and second waves of COVID-19 pandemic in Chennai, India. J. Clin. Virol. Plus. 2023, 3, 100146. [CrossRef] [PubMed]


https://doi.org/10.1038/s41598-022-10343-4
https://doi.org/10.1016/j.ijid.2021.05.010
https://doi.org/10.1016/j.ijid.2021.08.003
https://www.ncbi.nlm.nih.gov/pubmed/34390857
https://doi.org/10.3389/fpubh.2021.784300
https://www.ecdc.europa.eu/sites/default/files/documents/Sequencing-of-SARS-CoV-2-first-update.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/Sequencing-of-SARS-CoV-2-first-update.pdf
https://apps.who.int/iris/handle/10665/338483
https://apps.who.int/iris/handle/10665/338483
https://doi.org/10.1371/journal.pntd.0009835
https://www.ncbi.nlm.nih.gov/pubmed/34644287
https://doi.org/10.1371/journal.pbio.3001236
https://doi.org/10.1101/2021.01.26.428302
https://doi.org/10.1101/2021.12.07.21267293
https://www.ibge.gov.br/estatisticas/sociais/trabalho/22827-censo-demografico-2022.htmll
https://www.ibge.gov.br/estatisticas/sociais/trabalho/22827-censo-demografico-2022.htmll
https://doi.org/10.1016/S1473-3099(20)30483-7
https://doi.org/10.3390/diagnostics13020329
https://www.cdc.gov/Coronavirus/2019-Ncov/Lab/Rt-Pcr-Panel-Primer-Probes.Html
https://www.cdc.gov/Coronavirus/2019-Ncov/Lab/Rt-Pcr-Panel-Primer-Probes.Html
https://doi.org/10.17504/protocols.io.brrhm536
https://doi.org/10.1038/s43856-022-00108-5
https://doi.org/10.4269/ajtmh.21-1264
https://doi.org/10.1016/j.jpeds.2022.01.001
https://www.ncbi.nlm.nih.gov/pubmed/35031347
https://doi.org/10.1016/j.cyto.2021.155478
https://www.ncbi.nlm.nih.gov/pubmed/33667962
https://doi.org/10.1590/0037-8682-0119-2022
https://www.ncbi.nlm.nih.gov/pubmed/36169489
https://doi.org/10.1590/s0004-2803.202301000-03
https://www.ncbi.nlm.nih.gov/pubmed/37194770
https://doi.org/10.1089/jir.2020.0210
https://www.ncbi.nlm.nih.gov/pubmed/33337932
https://doi.org/10.1016/j.jcvp.2023.100146
https://www.ncbi.nlm.nih.gov/pubmed/37016620

Viruses 2024, 16, 467 13 of 13

38. Spira, B. The impact of the highly virulent SARS-CoV-2 gamma variant on young adults in the state of sao Paulo: Was it inevitable?
Cureus 2022, 14, 7. [CrossRef]

39. de Oliveira, M.H.S,; Lippi, G.; Henry, B.M. Sudden rise in COVID-19 case fatality among young and middle-aged adults in the
south of Brazil after identification of the novel B. 1.1. 28.1 (P. 1) SARS-CoV-2 strain: Analysis of data from the state of Parana.
medRxiv 2021. [CrossRef]

40. Esper, FP; Adhikari, TM.; Tu, Z.].; Cheng, Y.-W.; El-Haddad, K.; Farkas, D.H.; Bosler, D.; Rhoads, D.; Procop, G.W.; Ko, ].S.;
et al. Alpha to Omicron: Disease severity and clinical outcomes of major SARS-CoV-2 variants. J. Infect. Dis. 2023, 227, 344-352.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.7759/cureus.26486
https://doi.org/10.1101/2021.03.24.21254046
https://doi.org/10.1093/infdis/jiac411
https://www.ncbi.nlm.nih.gov/pubmed/36214810

	Introduction 
	Materials and Methods 
	Results 
	Clinical and Epidemiological Insights in a Northeast Brazilian Hospital during the Second Wave Linked to the Gamma Variant 
	Assessment of ICU-Admitted COVID-19 Patients Stratified by the Gamma Variant and Other Variants in a Reference Hospital 

	Discussion 
	Conclusions 
	References

