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Understanding of antibody kinetics against SARS-CoV-2 and its vaccines is rapidly evolving.
This study aims to (1) determine post-vaccination seroprevalence; (2) compare antibody
levels between vaccine types and various clinical/demographic determinants; and (3)
determine post-vaccination antibody concentrations against time. This is a retrospective
cross-sectional study involving 148 healthcare employees all over Malaysia. IgG Spike (RBD),
IgM Spike and IgG Nucleocapsid concentration medians were compared using Mann-Whitney
U or Kruskal-Wallis tests. Chi Square and Spearman correlation coefficient tests were
performed to identify variables associated with antibody titers. A scatter plot of IgG Spike
(RBD) against time from last vaccine dose was also plotted. At 1-month post-vaccination, all
employees successfully seroconverted regardless of vaccine type, health status and COVID-
19 history. Comirnaty, convalescent, female or Malay vaccinees had significantly higher IgG
Spike (RBD) titers compared to their respective counterparts. No correlation was found
between age and IgG Spike (RBD) levels. Concentration of all three antibodies waned with
time post-vaccination, with IgM Spike and IgG Nucleocapsid waning faster than IgG Spike
(RBD).
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INTRODUCTION

COVID-19 remains to be a global pandemic that significantly
impacts on healthcare and economic systems worldwide. As
part of control efforts, governments have rolled out
vaccination programs and initiated serologic testing to
determine the population’s seroprevalence. Positive sero-
conversion from infection has been reported to confer up to
90% protection from reinfection whilst vaccine efficacies
range from 50-95% (Khoury et al., 2021). However, long-term
antibody protection against re-infection following COVID-19
and/or vaccination is still poorly understood. There is
currently mixed evidence on the evolution of antibody titers
post-exposure ranging from 3 months to 1 year, possibly due
to the heterogeneous populations studied, measuring
assays employed, viral variants and vaccine types (Baraniuk,
2021; Blain et al., 2021; Edara et al., 2021; Khoury et al., 2021).
At the moment, the Centers for Disease Control and Prevention
(CDC) do not recommend the use of antibody testing as a
means of assessing immunity peri-vaccination nor a diagnostic
tool for COVID-19 (CDC, 2021).

The SARS-CoV-2 entry into host cells is mediated by an
interaction between its receptor binding domain (RBD) on

the Spike protein to the angiotensin-converting enzyme 2
(ACE 2) receptor on the host cell (Ni et al., 2020). For this
reason, the Spike protein has been made a target for vaccine
modelling and serological testing to determine past
infection or vaccination. In addition to the Spike protein,
Nucleocapsid, an abundant protein within the SARS-CoV-2
involved in genome packaging, is also a serological target
where Nucleocapsid antibodies are used to indicate past
infection and vaccination with inactivated virus (Bai et al.,
2021; CDC, 2021).

With rapidly emerging evidence and high uptake of SARS-
CoV-2 antibody tests, the authors retrospectively analysed
antibody patterns amongst BP Healthcare employees to
plane out the learning curve in understanding SARS-CoV-2
antibodies. In addition to determining seroprevalence
of employees against SARS-CoV-2, the study also aims to
compare antibody levels between vaccine types; between
demographic determinants; between infected with non-
infected employees; and to determine antibody con-
centration trends against time. To the authors’ knowledge,
this is the first study that compares SARS-CoV-2 antibody
patterns between multiple vaccine types in multi-ethnic
Malaysia.
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MATERIALS AND METHODS

Study design and ethics
This is a retrospective cross-sectional study involving
employees of BP Healthcare, a private healthcare service
provider in Malaysia, who have had their SARS-CoV-2
antibodies analysed in BP Clinical Lab, Glenmarie from 1st

July 2021 to 30th September 2021. This study population was
targeted for its largely healthy population who were
vaccinated with different types of vaccines. Furthermore,
antibody tests had already been performed as part of staff
benefit, making retrospective analysis more accessible.

Subject demographics, vaccination status, vaccine type,
date of completed vaccination, history of COVID-19 and
clinical history were obtained using a survey form whilst
SARS-CoV-2 IgG Spike (RBD), IgG Nucleocapsid, IgM Spike and
SARS-CoV-2 RT-PCR results were retrieved from the laboratory
information system (LIS) and exported to Microsoft Excel.
Repeat test results belonging to the same subject were
included during extraction. Subjects with incomplete results,
missing clinical information, rejected samples and/or
denied consent were excluded from analysis.

As part of company policy, all employees are required to
undergo periodical SARS-CoV-2 RT-PCR testing paid for by the
company. Extracted RT-PCR results performed around the time
of antibody testing are compared to the subject’s survey
response to confirm infection status.

This study was granted ethical approval by the Medical
Research and Ethics Committee (MREC), Ministry of Health
Malaysia with registration number NMRR-21-1693-61219.

Measurement of analytes
The SARS-CoV-2 IgG Spike (RBD) test is a quantitative
test that detects antibodies towards the receptor binding
domain (RBD) of the S1 viral protein by chemiluminescent
immunoassay. Levels above 50 AU/mL confer a “DETECTED”
result. A negative or “NOT DETECTED” test is reported when
antibody levels are below 50 AU/mL. This method includes
the detection of neutralizing antibodies where a previous
study has shown >95% correlation of IgG Spike (RBD) with
neutralizing antibodies measured by plaque reduction assay
(Gallais et al., 2021).

IgG Nucleocapsid and IgM Spike are qualitative
automated tests that detect the presence of IgG against the
Nucleocapsid protein and IgM against the Spike protein of
SARS-CoV-2 respectively. Levels above 1.40 S/C for IgG
Nucleocapsid and 1.00 S/C for IgM Spike confer a “DETECTED”
result whilst levels below the cutoff are reported as “NOT
DETECTED”.

All three antibodies were measured by chemiluminescent
immunoassay on the ARCHITECT Ci8200 system (Abbott
Laboratories, Illinois) and underwent daily quality checks
using manufacturer’s QC material.

Subjects were classified as positive for past COVID-19
based on documented confirmatory tests as per current
national recommendations.

Sample size
To determine significant difference between two propor-
tions, a minimum sample size is determined based on the
following calculations (Epitools, 2021):

Desired power (two-tailed): 0.80
Confidence level: 0.95
Proportion population 1, n1: 0.70
Proportion population 2, n2: 0.30
Ratio of sample sizes, n2/n1: 0.40
Minimum sample size, n1 = 49
Minimum sample size, n2 = 20
Total sample size = 69

Data analysis
Two separate sheets were created on Microsoft Excel. In the
first sheet, all antibody tests including repeats were grouped
according to subjects (N=148) and in the second sheet,
subjects with repeat antibody tests were listed as separate
entities according to testing dates (N=174). The first sheet
was created to avoid data skewing when analysing
demographic data such as age, gender, ethnicity and
information on vaccination/infection. The second sheet
was used to assess correlation, median differences and
time-dependent patterns involving non-demographic data.
Subjects were also grouped according to post-vaccination
time windows i.e., pre-, 0-30 days post-, 1-2 months post-,
2-4 months post-, 4-6 months post- and >6 months post-
vaccination.

Both sheets were then transferred and analysed
separately on SPSS version 26 (Armonk, NY: IBM Corp). Data
were tested for normality using the Shapiro-Wilk test.
Normally distributed data were described as mean ± standard
deviation values and non-parametric data as median ±
interquartile range values.

Group medians were compared using the Mann-Whitney
U test or Independent-samples Kruskal-Wallis test (where
applicable); correlation was analysed using the Spearman
rank-order correlation coefficient and association between
nominal categories were assessed using Chi Square test. To
assess antibody concentration trends, a scatter plot of
antibody values against time from last vaccine dose was
plotted. A significance level of 0.05 was assumed for all
analysed data.

RESULTS

A total of 156 subjects consented to participate in the study,
8 of which were excluded due to missing test results resulting
in a final total of 148 subjects. 20 subjects had repeated
their antibody tests twice and another 3 subjects thrice, giving
a total of 174 antibody test sets. Young females largely
formed the study cohort with a median age of 29.0 years and
76.4% gender dominance. While all subjects eventually
completed 2 doses of vaccine, 3 antibody tests were
conducted prior to completing vaccination, 2 of which
belonged to a post-infection subject. A descriptive summary
of the study cohort is provided in Table 1.

Based on the positive cut-off of 50 AU/mL for IgG Spike
(RBD), all vaccinated employees without past COVID-19
infection were successfully seroconverted at 1-month post-
vaccination regardless of vaccine type. The only non-infected
subject who tested for IgG Spike (RBD) prior to vaccination
returned a negative result of 3 AU/mL. The same subject’s
IgG Spike (RBD) later increased to 4 256.5 AU/mL at day 14
post-Comirnaty vaccine.
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and IgG Spike (RBD) and IgM Spike titers (R=0, P=0.97 and
R=0.08, P=0.31 respectively). There was also no correlation
demonstrated between medical comorbidity and IgG Spike
(RBD) (R=0.01, P=0.92), IgM Spike (R=0.05, P=0.59) and IgG
Nucleocapsid (R=0.05, P=0.59). Females were found to have
higher IgG Spike (RBD) median compared to males within
2-4 months post-vaccination (2 431.8 vs. 596 AU/mL, P<0.01)
(Table 2). No significant difference in titers were found in
other time windows. Subjects of Malay descendance were
also found to have significantly higher IgG Spike (RBD)
medians compared to Chinese subjects overall (2 651.4 vs.
1 396.4 AU/mL, P<0.01). Although IgG Spike (RBD) were higher
in Indians (3 357.3 AU/mL), the difference was not statistically
significant compared to the Chinese (P=0.06) or Malays
(P=0.80). Chi square test confirms no significant association
between ethnicity with vaccination-to-test time windows,
X2 (8, N=157) = 9.6, P=0.29; and between ethnicity with vaccine
type, X2 (6, N=157) = 8.71, P=0.19).

DISCUSSION

The outbreak of COVID-19 has prompted an acceleration of
vaccine development against SARS-CoV-2, the rollout of which
have remarkably reduced infection and transmission rates
(Bar-On et al., 2021). Within 6 months, approximately 2.4
billion doses of vaccine had been administered after the
first vaccine was approved for emergency use by the Food
and Drug Administration (Ritchie et al., 2020). Rapid
development in SARS-CoV-2 serology assays shortly ensued.
In Malaysia, 8 months from the initiation of the vaccination
program, 74% of the population were fully vaccinated with
predominantly Comirnaty followed by CoronaVac and
ChAdOx1 (Basta & Moodie, 2020).

A study has shown that natural immunity from previous
infection confers longer lasting and better protection against
reinfection compared to vaccine-induced immunity, with
further increased protection in individuals both infected
and vaccinated (Gazit et al., 2021). Reinfection following
vaccination is not uncommon especially with variant
breakthroughs or when infection occurs before or in the early
phase of antibody development (Jain et al., 2021; La Raja et
al., 2021; Shastri et al., 2021). A study by La Raja et al. (2021)
showed that while antibody levels were higher in subjects
vaccinated after natural infection, levels declined after 100
days of vaccination. Nonetheless, the risk and severity of
reinfection is greatly reduced by up to 94% at 3 weeks
following the second dose (Gohil et al., 2021). Considering
the skewing effects of vaccination and infection on antibody
titers, pre-vaccinated and infected subjects were excluded
from analysis when comparing antibody results between
groups.

Multiple factors contribute to the heterogeneous
immune response towards SARS-CoV-2 and its vaccines.
Studies have reported conflicting outcomes on the effect of
age on seroconversion. While Ota et al. (2021) proved
significantly lower IgG Spike (RBD) titers in those above
40 years old, another study only showed a weak negative
correlation following the first dose which subsequently
disappeared after boosting with a second dose (Wheeler et
al., 2021). Our data failed to correlate IgG Spike (RBD) with
age although this may be confounded by the cohort’s narrow
age range.

In our study, IgG Spike (RBD) levels within 2-4 months of
vaccination were significantly higher in females compared
to males. This finding is also reported in studies involving
subjects across different nations, age groups and vaccine
types (Heriyanto et al., 2021; Pellini et al., 2021; Terpos et al.,

Table 1. Descriptive data of subjects

Parameter
                   Overall, N=148

Median [IQR] N (%)*

Demographics

Age, years 29 [24-35]

Female gender 113 (76.4)

Ethnicity
Chinese 84 (56.8)
Malay 55 (37.2)
Indians 9 (6.1)

Vaccination information

Pfizer-BioNTech (Comirnaty) 82 (55.4)

Oxford-AstraZeneca (ChAdOx1) 50 (33.8)

Sinovac-CoronaVac 15 (10.1)

Moderna COVID-19 1 (0.7)

Clinical information

No past COVID-19 131 (88.5)

Past COVID-19 17 (11.5)
Category 1 5 (3.4)
Category 2 11 (7.4)
Category 3 1 (0.7)

No medical comorbidities 136 (91.9)

Underlying medical condition 12 (8.1)

* Percentage calculated based on cohort total.

Excluding pre-vaccinated subjects (i.e., subjects who
tested for antibodies prior to vaccination) and subjects with
past COVID-19, Comirnaty vaccinees were found to have
significantly higher IgG Spike (RBD) concentrations up to 4
months post-vaccination compared to ChAdOx1 and
CoronaVac vaccinees (P<0.01) (Figures 1 and 2). Within one
month of vaccination, Comirnaty vaccinees were found to
have significantly higher IgM Spike levels (P=0.02) and
remained positive up to 2 months of vaccination whilst
ChAdOx1 and CoronaVac vaccinees largely tested negative
within 1 month. As for IgG Nucleocapsid, about half of
CoronaVac vaccinees tested positive within 2 months of
vaccination, declining to negative levels after 2 months.
Medians could not be compared for subjects who tested >6
months post-vaccination due to insufficient group sample
size.

All three antibodies were significantly raised in infected
compared to non-infected subjects within 1 month of
vaccination (P<0.01) with IgG Nucleocapsid remaining within
positive levels up to 4 months post-vaccination. IgM Spike
levels were also observed to be higher in infected subjects
and remained within positive levels up to 4 months of
vaccination but without reaching statistical significance
(Table 2).

Within the small group of subjects with past COVID-19
(N=17), all three antibodies’ median titers showed no
significant difference between vaccinated and unvaccinated
subjects throughout all time windows and vaccine types.
After completing vaccination, 60.0% (9/15) of infected subjects
had high IgG Spike (RBD) levels exceeding 10 000 AU/mL
compared to 8.4% (11/131) of vaccinated subjects without
past COVID-19 (Figure 2A).

Upon excluding pre-vaccinated and infected subjects,
Spearman bivariate analysis showed a weak negative
correlation between age and IgG Nucleocapsid titers
(R=-0.22, P=0.01). No correlation was found between age
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Figure 1. IgG Spike (RBD), IgM Spike and IgG Nucleocapsid levels amongst non-infected, vaccinated employees
against time. Cut-off levels for positive results are shown in red dashed lines. The only subject vaccinated
with Moderna is excluded.
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Figure 2. Scatter plot of IgG Spike (RBD) levels against time labelled according to (A) infection status and (B) vaccine type. Cut-
off level for positive antibody is shown in red dashed lines.
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Table 2. Antibody titres according to clinical/demographic determinants and time from completed vaccination. Subjects with history of COVID-19
were excluded from gender and ethnicity analyses

Time Window from Completed Vaccination, month
Determinant Test                                     Median [IQR], (N)

Overall 0-1 1-2 2-4 4-6 >6

Gender

Female 2 097.0 3 699.3 1 790.0 2 431.8 2 200.9 1 000.5
[1 105.6-4 935.8] [1 499.2-8 732.1] [929.2-8 351.6] [808.6-5 252.0] [1 581.9-3 260.4] [688.8-1 574.8]

IgG S (RBD),
(117) (20) (29) (35) (26) (7)

AU/mL
Male 1 090 1 111.6 1 897.8 596.0 1 418.6 744.4

[608.6-2 202.9] [878.1-3 440.3] [-] [408.6-1 037.0] [1 175.7-2 753.8] [-]
(38) (7) (2) (14) (13) (2)

Significance* <0.01 0.12 0.52 <0.01 0.10 0.50

Ethnicity

Chinese 1 396.4 1 648.6 1 297.9 944.0 1 980.2 1 000.5
[736.8-3 006.1] [974.8-6 663.2] [733.2-4 673.8] [510.4-2 989.4] [1 365.2-2 698.9] [641.1-1 245.9]

(93) (14) (15) (32) (25) (7)

Malay 2 651.4 3 096.4 2 649.3 2 138.0 2 279.3 1 412.8
IgG S (RBD), [1 312.5-5 957.0] [1 572.5-11 667.5] [1 100.8-11 720.9] [994.0-6 010.5] [1 526.8-4 718.4] [-]
AU/mL (54) (12) (13) (13) (14) (2)

Indian 3 357.3 4 025.9 2 359.6 4 619.5
[2 200.8-4 921.0] [-] [-] [1 281.1-5 736.4] (0) (0)

(8) (1) (3) (4)

Significance* <0.01 0.35 0.36 0.06 0.26 0.50

COVID-19 Status

Not infected 1 769.1 3 699.3 1 653.3 11 224.4 2 375.5 1 000.5
[921.4-4 198.6] [1 507.3-8 905.5] [855.0-7 363.5] [1 103.6-38 144.5] [1 429.6-3 130.9] [665.0-1 410.4]

(130) (22) (28) (45) (26) (9)
IgG S (RBD),

Past infection
AU/mL

16 810.6 24 410.1 1 068.7 14 581.6
[1 829.6-35 859.0] [6 999.4-42 763.8] (0) [654.2-4 226.1] [-] (0)

(12) (4) (6) (2)

Significance* <0.01 0.01 – 0.03 0.32 –

Not infected 0.22 0.39 0.37 0.22 0.12 0.13
[0.10-0.49] [0.15-1.98] [0.16-1.16] [0.10-0.46] [0.09-0.26] [0.10-0.25]

IgM S, S/C (130) (22) (28) (45) (26) (9)
(Positive cut-

Past infection off >1.0) 1.11 1.59 0.48 0.28
[0.36-4.19] [1.18-4.19] (0) [0.19-4.20] [-] (0)

(12) (4) (6) (2)

Significance* <0.01 0.10 – 0.11 0.06 –

Not infected 0.08 0.09 0.07 0.08 0.08 0.07
[0.05-0.25] [0.05-0.29] [0.05-0.20] [0.05-0.29] [0.04-0.25] [0.05-0.17]

IgG N, S/C (130) (22) (28) (45) (26) (9)
(Positive cut-

Past infection off >1.4) 1.09 1.41 1.65 0.80
[0.35-2.12] [0.45-1.98] (0) [0.18-5.46] [-] (0)

(12) (4) (6) (2)

Significance* <0.01 0.02 – 0.01 0.02 –

Abbreviations: IgG S (RBD), IgG Spike (receptor-binding domain); IgM S, IgM Spike; IgG N, IgG Nucleocapsid.
Median difference calculated using Mann-Whitney U for 2-samples and Kruskal-Wallis 1-way ANOVA for multiple samples. Significance level is 0.05.
In view of the tests’ qualitative nature, IgM S and IgG N median values are only shown for COVID-19 status for interest.
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2021). Most immune-regulating genes that encode both
innate and adaptive signaling proteins are found on the
X chromosome and hormones such as estrogen and
progesterone have been found to upregulate antibody
responses, thus explaining gender-specific immune
responses to vaccines/infections as well as predisposition
to autoimmune diseases (Klein & Flanagan, 2016; Ghosh &
Klein, 2017).

When ethnicity is concerned, COVID-19 predisposition
is often linked to socioeconomic status and healthcare
access (Smith et al., 2021a). However, in our systemically equal
cohort, we found significantly higher IgG Spike (RBD) titers
in Malay subjects compared to Chinese subjects. Although
even higher titers in the Indian cohort were not statistically
significant, its clinical significance is undetermined and
is likely confounded by under-representation. Race-
dependent predisposition has long been established for
various diseases thus genetic host component is implicated.
Studies on various infectious diseases have shown genetic
polymorphism involving toll-like receptors (TLR), vitamin D
binding proteins, human leukocyte antigens (HLA), cytokine
receptors and epitope coverage that may contribute to the
differential immune responses between ethnicities (Nahid
et al., 2018; Smith et al., 2021b).

As the proportion of subjects with underlying disease is
small and medically stable, our study did not show any
association between medical comorbidity and antibody
titers as previously published. Apart from medical diseases,
other documented factors contributing to immune
heterogeneity include past infection, immunosuppressive
drugs, vaccine type and differential expression of host genes
involved in viral infection (Bochnia-Bueno et al., 2021; La Raja
et al., 2021; Ota et al., 2021; Prendecki et al., 2021).

To date, limited studies have compared immune
responses induced by different types of vaccine. A recent
systematic review showed that mRNA-based Moderna vaccine
induced the highest levels of IgG Spike followed closely by
Comirnaty, ChAdOx1 and inactivated virus vaccines (McDonald
et al., 2021). Another study also showed higher IgG Spike
levels in Comirnaty compared to ChAdOx1 vaccinees (Barros-
Martins et al., 2021). Our study findings echo these studies
although our lone Moderna vaccinee was excluded from most
analyses. It is important to note, however, that antibody
levels should not be used as a direct measure of immunity.
Furthermore, the threshold of antibody titers in most studies
were not well-defined despite its correlation in reducing
infectivity and severity, thus its clinical effectiveness is
inconclusive (Levin et al., 2021).

Cell-mediated immunity by T-cells and B-cells have been
found to persist longer and confer additional protection
to humoral immunity (Baraniuk, 2021; Kalimuddin et al.,
2021; Khoury et al., 2021). Unlike short-lived neutralizing
antibodies, T-cell responses towards SARS-CoV-2 last for six
months and are speculated to persist for several years as
per SARS-CoV-1 and MERS-CoV (Sariol & Perlman, 2020). Human
and animal studies have also demonstrated high SARS-CoV-
2-specific CD8+ cells, reduced viral load and reduced disease
severity in infected subjects despite suboptimal antibody
titers (Sewell et al., 2020; Noh et al., 2021). Given that immunity
is based on antigen recognition, immune responses towards
vaccination is expectedly similar to responses following
natural infection (Sewell et al., 2020).

Depending on the class, antibodies take between 2-3
weeks to appear post-exposure with the short-lived IgM
peaking 1-2 weeks earlier than IgG and turning negative
within 20-90 days (Watson et al., 2020; Lau et al., 2021).
Following Comirnaty vaccination, IgG Spike typically rises

within 3 weeks, starts to decline at about 2 months and
plateaus up to 3 months (Gervain et al., 2021; Trougakos et al.,
2021). In our Comirnaty cohort, IgG Spike (RBD) levels steadily
declined after 1 month, reaching low positive levels at 6
months of vaccination. A similar but attenuated pattern is
seen in both ChAdOx1 and CoronaVac cohorts. Detectable
IgG Nucleocapsid was more apparent in our CoronaVac
cohort, corroborating with the vaccine’s whole virus construct,
and rapidly declined to negative levels after 1 month of
vaccination given its shorter half-life compared to Spike
antibodies (Gallais et al., 2021). Notably, IgG Spike (RBD)
response was more robust than IgG Nucleocapsid following
CoronaVac vaccine. This is supported by another study where
97% of healthcare workers seroconverted for the S1 protein
and only 51.9% seroconverted for the N protein at 3 weeks
post-CoronaVac (Bochnia-Bueno et al., 2021). It should be
noted, however, that antibody assays are not standardized
thus results are not comparable when assayed on different
platforms.

Multiple studies have shown continuous declination in
antibody titers over time, particularly in vulnerable
populations such as the immunocompromised, medically
ill and elderly (Levin et al., 2021; Lustig et al., 2021). In addition
to this, the advent of highly transmissive mutants has
instigated talks on booster doses and booster policies
targeting groups with high-risk occupational exposure,
compromised immunity and advanced age (Krause et al., 2021;
Parums, 2021). Since July 2021, some countries had begun
administering boosters including heterologous booster
shots which resulted in elevated antibody titers as well as
reduced infection rates and severe illnesses by a factor of
11.3 and 19.5 respectively (Bar-On et al., 2021; Bensouna et al.,
2021; Patamatamkul et al., 2021). However, most studies
largely involved non-pregnant, older, or medically ill adults,
thus may not be applicable to the general population.

Study limitations
This study’s cohort of largely young, healthy females limits
analysis on age and health determinants. Subjects were also
not followed up on an individual basis, thus data may not
represent actual sequential changes in antibody titers and
clinical endpoints cannot be determined based on antibody
levels.

CONCLUSION

Seroconversion was successfully achieved in all vaccinated
subjects regardless of vaccine type. The Comirnaty showed
higher immunogenicity than ChAdOx1 and CoronaVac vaccines,
with even higher antibody responses in convalescent
subjects compared to COVID-19 naïve subjects. Antibody
levels were also observed to be higher in females and
certain ethnicities. Waning antibodies is apparent with time
but should not be a direct measure of waning immunity as
cell-mediated immunity is also a correlate of protection. As
current evidence on booster dose outcomes is limited, more
studies are required for verification.
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