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G W N e

Abstract: Vaccination against infectious disease affords direct protection from vaccine-induced
immunity and additional indirect protection for unvaccinated persons. A systematic review was
conducted to estimate the indirect effect of COVID-19 vaccination. From PubMed and Embase,
31 studies were included describing the impact of original wild-type COVID-19 vaccines on disease
transmission or viral load. Overall, study results showed the effectiveness of COVID-19 vaccination
against SARS-CoV-2 transmission (range 16-95%), regardless of vaccine type or number of doses. The
effect was apparent, but less pronounced against omicron (range 24-95% for pre-omicron variants
versus 16-31% for omicron). Results from viral load studies were supportive, showing SARS-CoV-2
infections in vaccinated individuals had higher Ct values, suggesting lower viral load, compared to
infections among the unvaccinated. Based on these findings, well-timed vaccination programs may
help reduce SARS-CoV-2 transmission—even in the omicron era. Whether better-matched vaccines
can improve effectiveness against transmission in the omicron era needs further study.
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1. Introduction

The highly contagious coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), first emerged in December 2019 in
China and spread across the world in a short period. The World Health Organization
(WHO) declared the COVID-19 pandemic on 11 March 2020 [1]. As of September 2023
reported to the WHO, there were 771 million confirmed cases and 7 million deaths caused
by COVID-19 worldwide [2].

Before the availability of antivirals and vaccines, primary preventive non-pharmaceutical
public health measures were an essential component of the epidemic prevention and
control of a new highly contagious disease [3]. Non-pharmaceutical interventions were
implemented to reduce the person-to-person transmission of COVID-19 by altering contact
rates and patterns, such as lockdowns, social distancing, quarantine, isolation, and wearing
masks in public places [4]. Governments worldwide implemented various combinations
of non-pharmaceutical interventions with different timing and duration [4]. These non-
pharmaceutical interventions contributed to the reduction of the incidence, morbidity,
and mortality of COVID-19, but also had other unintended negative health, social, and
economic impacts [5,6].

Multiple COVID-19 vaccines were developed to further reduce the morbidity and
mortality of COVID-19 [7,8]. The first COVID-19 vaccine was listed by the WHO for
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emergency use in December 2020, followed by other COVID-19 vaccines and approval
for use in many countries [8]. The vaccine roll-out first targeted populations at high risk
of infection, severe illness or death from COVID-19, such as frontline healthcare workers
and the elderly, followed rapidly by administration of COVID-19 vaccines to the general
population [1]. Persons have been vaccinated with various vaccine types and vaccination
schedules [1]. After 3.5 years of the COVID-19 pandemic with emerging SARS-CoV-2
variants of concern, the number of cases and deaths have been decreasing steadily, since
much of the population has some form of immunity through previous infection or the
widespread use of COVID-19 vaccines [2]. This article focuses on the impact of COVID-19
vaccination on the epidemic prevention and control of COVID-19.

In general, vaccination against infectious diseases affords direct individual protection
by preventing infection or reducing the development of disease after infection [9]. In
addition, mass vaccination can afford indirect vaccine-induced protection benefits for
other unvaccinated persons (i.e., herd immunity) [9]. There are two ways vaccination
can provide indirect protection by reducing the onward transmission risk [10]. Firstly, a
vaccine decreases the probability of a recipient becoming infected by protecting against
both symptomatic and asymptomatic infection, resulting in a reduction in the number of
infectious persons. Secondly, a vaccine decreases the probability of secondary transmission
from persons who have become infected despite vaccination by reducing the degree of
infectiousness (i.e., viral load) or duration of viral shedding. Real-time reverse transcriptase
polymerase chain reaction (RT-PCR) tests are most frequently used to detect SARS-CoV-2
infection and the cycle threshold (Ct) results are inversely related to viral load [11].

The direct protection of COVID-19 vaccines as measured by their efficacy and effec-
tiveness has been shown in numerous randomized controlled trials and observational
studies and is reported in systematic reviews [12-14]. The indirect effect of COVID-19
vaccination has less often been studied. We performed a systematic review to describe the
indirect effects of COVID-19 vaccination and provide an overview of the trend of these
indirect effects. Two review objectives were formulated: (1) what is the indirect effect
of COVID-19 vaccination on disease transmission?; and (2) what is the indirect effect of
COVID-19 vaccination on viral load, as a proxy for infectiousness?

2. Materials and Methods

This systematic review was conducted following a review protocol and adhering to
international methodological standards. The PECO (population—-exposure—comparison—
outcome) format (Table 1) was used to develop the search strategy. Search strings were
compiled for the exposure to COVID-19 vaccination, the outcomes of disease transmission
and viral load, and search limits (Supplement Table S1). The systematic literature search
was conducted in PubMed and Embase on 16 November 2022. The retrieved records were
screened against pre-specified eligibility criteria by a systematic approach; first based on
the title and abstract, followed by a screening of the full-text article. The screening was
conducted with Rayyan software (Rayyan Systems Inc., Cambridge, MA, USA) by one
researcher (A.O.-S.) in close collaboration with a second researcher (M.K.). Disagreements
during the screening process were discussed until a consensus was reached. In addition,
backward citation searching was applied for references cited in the included studies and
selected reviews. The review itself was excluded after the reference check.

Transmission and viral load studies were considered eligible if they reported a sta-
tistical comparison between the vaccinated and unvaccinated groups and had a matched
study design or applied adjusted analyses. Exclusion criteria were the following: specific
population (e.g., immunocompromised), small sample size (n < 30), the vaccinated group
is partially vaccinated or also includes partially vaccinated persons (>30% partially vacci-
nated persons or percentage partially vaccinated persons not reported), other comparators
than unvaccinated (i.e., no unvaccinated group, unvaccinated group also includes partially
vaccinated persons or placebo), and incomplete reporting of results for our objectives. If
multiple articles reporting findings of the same study were retrieved, only the article with
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the most recent/complete data was included. Preprints were selected initially to search for
the peer-reviewed versions of the articles. If at the end of the data extraction phase, this
peer-reviewed article was not found, the preprint was excluded.

Table 1. PECO (population-exposure-comparison—outcome) for disease transmission and viral load.

Transmission Studies Viral Load Studies
Population Contacts of symptomatic or asymptomatic Symptomatic or asymptomatic
SARS-CoV-2-infected index cases SARS-CoV-2-infected persons
Exposure Full vaccination of the index case with COVID-19 vaccine Full vaccination with COVID-19 vaccine
Comparison Unvaccinated index cases Unvaccinated
Vaccine effectiveness against transmission of infection or
relative risk reduction .
Odds ratio, relative risk or hazard ratio of onward transmission Viral load
Outcome ; Cycle threshold (Ct) values as a surrogate

of disease from SARS-CoV-2-infected vaccinated index cases
versus SARS-CoV-2-infected unvaccinated index cases
Secondary attack rates

measure for viral load

Data on the characteristics, PECO elements, and results of the included studies were
extracted in a spreadsheet in Microsoft Excel. Separate spreadsheets were used for the
transmission and viral load studies. To standardize the data extraction, a number of rules
were applied. If studies reported results for different variants of concern, this data was
preferred over the overall data. If studies reported only stratified data for COVID-19
vaccines, this data was extracted for each vaccine group. If studies reported data for
multiple vaccine doses, the most complete vaccine data with the highest amount of vaccine
doses was extracted. Most studies reported their data for the overall time since vaccination.
If a study reported results only for different periods since vaccination, the data for the
shortest period since the last vaccination was extracted (i.e., this concerned one transmission
study [15] and five viral load studies [16-20]). If viral load studies reported cycle threshold
(Ct) values for different genes, data on one gene were extracted.

The included studies were critically appraised with the 9-point Newcastle-Ottawa
quality assessment scales for cohort studies and case—control studies [21]. Studies were
classified as high (<3 points), moderate (4-6 points), or low risk of bias (>7 points). The
data extraction and critical appraisal were done by one researcher (A.O.-S.), unclarities
in data reporting in articles were discussed with the other researchers, and the files were
reviewed by a second researcher (M.K.).

Based on our review aim and the clinical heterogeneity of the included studies (i.e.,
different countries and COVID-19 policies, study periods, SARS-CoV-2 variants of concern,
vaccines, doses, populations, settings, testing, and outcome evaluated), the data was
analyzed narratively and summarized in summary tables and figures. The data was
stratified by COVID-19 vaccine (mRNA; mRNA or other vaccine; other vaccine) doses
and SARS-CoV-2 variant of concern. When transmission studies reported only odds ratios
(OR), relative risks (RR) or hazard ratios (HR), this was converted into vaccine effectiveness
against transmission by the calculation VE = (1 — OR) x 100%, VE = (1 — RR) x 100%, or
VE = (1 — HR) x 100%. When the odds ratio was reported with the vaccinated group as a
reference, this was recalculated first for the unvaccinated reference as 1/OR. The original
effect size and effect estimate in vaccine effectiveness against transmission are reported in
the summary table.

3. Results
3.1. Study Characteristics
In total, 8758 unique records from PubMed and Embase were screened and 31 studies

were selected in this systematic review. Of these, 17 studies [15,22-37] reported data on
disease transmission, and 15 studies [16-20,27,38-46] on viral load (i.e., one study [27]
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reported on both disease transmission and viral load). The reasons for exclusion at full-text
review are enclosed in Figure 1 and Supplement Table S2.

Identification of studies via databases Identification of studies via other methods
—
-§ Records identified from: Record_s rgmoved before Records identified from:
g PubMed (MEDLINE) (n = 3685) e isrerordh removed Citation searching (n = 8)
= Embase (n = 7906) P
2 (n =2833)
- !
Records screened Records excluded
(n=8758) (n = 8600)
Studies sought for retrieval Studies not retrieved Studies sought for retrieval N Sttuf:liesdnot
(n=158) (n=0) (n=8) [: geg)e
l Studies excluded (n = 127): l
g' ) N No matched study design or adjusted analyses (n = 23) N N
' Studies assessed for eligibility Incomplete reporting of results for our objectives (n = 18) Studies assessed for eligibility
g (n=158) No comparison between (fully) vaccinated and unvaccinated group (n=8)
(n=14)
@ No data on objectives (n = 12) l
Vaccinated group also includes partially vaccinated persons (n = 9)
Unvaccinated group also includes partially vaccinated persons (n=7) Studies excluded (n = 8):
Smgll sample size (n denominator <30) (n =7) No data on objectives (.n =3)
Review (n = 6) . Incomplete reporting of results for our
Morg recent or complete article included of the same study (n = 6) objectives (n = 2)
Duplicate artlc_le (F‘ =4) _ No matched study design or adjusted analyses
Irrelevant publication type (n = 4) (n=2)
No statistical comparison between vaccinated and unvaccinated group Vaccinated group also includes partially
(n=3) . -
Outcomes reported for vaccination status of contacts instead of vaceinated persons (n = 1)
vaccination status of index patients (n = 3)
) Preprint (n=3)
— A No unvaccinated group (n =2)
o . . Placebo as comparator (n = 2)
§ Stu_dles alncluded In;view Vaccinated group is partially vaccinated (n = 1)
32 (nD_. 31) 4 . =17 Imprecise outlier results without details explaining the results (n=1)
2 V_lselalsedrans_n}lgswn (n=17) Unclear selection of patients for data on our objectives (n = 1)
; iral load (n = 15) Index cases not defined (n = 1)
Figure 1. PRISMA flow diagram. # One study reported on disease transmission and viral load.
Most studies had a retrospective cohort study design (68%) and were conducted in
Europe (42%) or the Middle East (29%) (Table 2, Supplement Tables S3 and S4). Transmission
studies were mostly conducted in households (82%). The population of the viral load
studies was not specified in detail in 10/15 studies. The age and gender of vaccinated and
unvaccinated SARS-CoV-2-infected persons were often not reported. Multiple SARS-CoV-2
variants of concern periods were covered in the studies, including alpha, beta, pre-delta,
delta, and omicron. Study participants were most often vaccinated with an mRNA vaccine
(45%) or a heterologous schedule that included an mRNA dose and another type of COVID-
19 vaccine (42%). Transmission and viral load studies had a low (61%) or moderate (39%)
risk of bias based on the Newcastle-Ottawa scale (Table 2, Supplement Tables S5 and S6).
Table 2. Overview of study characteristics of the included studies.
Study Characteristics Total Studies Transmission Studies Viral Load Studies
y n (%) n (%) n (%)
Number of studies 312 172 152
Study design
Retrospective cohort study 21 (68%) 12 (71%) 9 (60%)
Prospective cohort study 4 (13%) 2 (12%) 2 (13%)
Matched cohort study 3 (10%) 2 (12%) 2 (13%)
Case—control study 1 (3%) 1 (6%) 0
Case—case study 1 (3%) 0 1 (7%)
Cross-sectional study 1 (3%) 0 1 (7%)
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Table 2. Cont.

Total Studies

Transmission Studies

Viral Load Studies

Study Characteristics 1 (%) 1 (%) (%)
Region
Northern America 6 (19%) 1 (6%) 5 (33%)
Europe 13 (42%) 10 (59%) 4 (27%)
Middle East 9 (29%) 3 (18%) 6 (40%)
Asia 3 (10%) 3 (18%) 0
Setting /population
Households 11 (35%) 11 (68%) 0
Households and non-households 3 (10%) 3 (18%) 0
Community 2 (6%) 1 (6%) 2 (13%)
High-risk contacts 1 (3%) 1 (6%) 0
Essential and frontline workers 1 (3%) 0 1 (7%)
Outpatients 1 (3%) 0 1 (7%)
Prison 2 (6%) 1 (6%) 1 (7%)
lag’oc;saittiox;}e] RT-PCR samples from 6 (19%) 0 6 (40%)
National SARS-CoV-2 database 4 (13%) 0 4 (27%)
SARS-CoV-2 variant of concern ?
Alpha 12
Beta 2 2
Pre-delta 3 2 1
Delta 21 10 12
Omicron 6 3 3
Not reported 1
COVID-19 vaccine
mRNA vaccine 14 (45%) 4 (24%) © 10 (67%) 4
mRNA or vector vaccine 12 (39%) 8 (47%) 5 (33%)
mRNA or inactivated vaccine 1 (3%) 1 (6%) 0
Vector or inactivated vaccine 1 (3%) 1 (6%) 0
Inactivated vaccine 1 (3%) 1 (6%) 0
Not reported 2 (6%) 2 (12%) 0
Risk of bias assessment
Low risk of bias 19 (61%) 9 (53%) 11 (73%)
Moderate risk of bias 12 (39%) 8 (47%) 4 (27%)
0 0 0

High risk of bias

2 One study reported on disease transmission and viral load; ® not mutually exclusive; © 3 studies BNT162b2,
1 study BNT162b2 or mRNA-1273; d 3 studies BNT162b2, 1 study mRNA-1273, 6 studies BNT162b2 or

mRNA-1273.

3.2. Vaccine Effects on Transmission

Figure 2 and Supplement Table S7 provide an overview of the effect estimate vac-
cine effectiveness against transmission. Secondary attack rates for the vaccinated and

unvaccinated index cases are reported in Supplement Table S3.
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SARS-CoV-2 variant

2 DOSES Braeye, 2021[23] (BNT162b2) —— Alpha
mRNA VACCINE Eyre, 2022 [25] (BNT162b2) —a— Alpha
Layan, 2022[30] (BNT162b2) Alpha
Hayek, 2022[26] (BNT162b2) = Alpha
Braeye, 2021[23] (mRNA-1273) . Alpha
Prunas, 2022[15] (BNT162b2) Pre-Delta
Salo, 2022[34] (BNT162b2; mRNA-1273) . Pre-Delta
Eyre, 2022[25] (BNT162b2) —— Delta
Ng, 2022[33] (BNT162b2) —.— Delta
Prunas, 2022[15] (BNT162b2)* Delta
Ng, 2022[33] (MRNA-1273) L Delta
2 DOSES Trobajo-Sanmartin, 2022[37] (mRNA; vector) Alpha
mRNA OR Hsu, 2021[27] (mRNA; vector) —a— Alpha & Delta
OTHER VACCINE De Gier, 2021[24] (mRNA; vector) — . Delta
Trobajo-Sanmartin, 2022[37] (mRNA; vector) —— Delta
Ng, 2022 [33] (mRNA; inactivated) Delta
Lyngse, 2022[31] (mRNA; vector) —a— Omicron-BA.2
Lyngse, 2022[31] (mRNA; vector) e Omicron-BA.1
Shah, 2021 [35] (mRNA; vector) —_— . Not reported
2 DOSES Eyre, 2022[25] (ChAdOx1 nCoV-19) = Alpha
OTHER VACCINE  Braeye, 2021[23] (ChAdOx1 nCoV-19) Alpha
Braeye, 2021[23] (Ad26.COV2-S)° Alpha
Eyre, 2022[25] (ChAdOx1 nCoV-19) —— Delta
Muadchimkaew, 2022 [32] (ChAdOx1; BIBP; CoronaVac) #— Alpha & Delta
Kang, 2021[29] (BIBP COVID-19; CoronaVac) Delta
Allen, 2022 [22] (not reported) —_a Alpha & Delta
Jorgensen, 2022[28] (not reported) —— Delta & Omicron
23 DOSES Tan, 2023 [36] (BNT162b2; mRNA-1273) —a— Omicron
mRNA VACCINE

-100 -90 -80 -70 -60 -50 -40 -30 -20 ~-10 0 10 20 30 40 50 60 70 80 90 100
vaccine effectiveness against transmission in % (95% Cl)

Figure 2. Vaccine effectiveness against SARS-CoV-2 transmission in vaccinated versus unvaccinated
index cases. @ Lower confidence interval limit —249%; ? 1 dose schedule of Ad26.COV2-S vaccine.
—&— Significant effect. =“- Non-significant effect.

Overall, a COVID-19 vaccination showed effectiveness against transmission, regard-
less of vaccine type, number of doses, or SARS-CoV-2 variant of concern. Of the study
results, 75% (21/28) showed a significant effect of vaccinated versus unvaccinated index
cases on the vaccine effectiveness against transmission ranging from 16% to 95%; the
remaining 25% (7/28) of the study results did not show a significant effect of COVID-19
vaccination of index cases. In 81% (17/21) of these study results, effectiveness against
transmission was >30% and 57% (12/21) of the study results were >50%. Effectiveness
against transmission seems to be lower for the more recent variants of concern, ranging
from 39% to 75% during the pre-delta period, 24% to 65% during delta, and from 16% to
31% during the omicron period.

3.3. Vaccine Effects on Viral Load

Effect estimates of the viral load studies expressed as the mean difference in Ct values
between vaccinated and unvaccinated SARS-CoV-2-infected persons are summarized in
Figure 3 and Supplement Table S8. Mean or median Ct values or viral load (i.e., if no
Ct values were reported) for the vaccinated and unvaccinated groups are reported in
Supplement Table S4.

All results in Figure 3 show a positive trend of COVID-19 vaccination on Ct values,
with significant mean differences in Ct values for the vaccinated group versus the un-
vaccinated group ranging from 0.7 to 4.5 (i.e., higher Ct values for the vaccinated group,
suggesting lower viral load). These mean differences in Ct values for the successive variants
of concern during the pandemic became smaller, with smaller differences observed during
the omicron period.
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2 DOSES mRNA VACCINE

Silverman, 2022[45] (mRNA-1273)

Kislaya, 2022 [40] (BNT162b2 or mRNA-1273)
Qassim, 2022[19] (BNT162b2 or mRNA-1273)
Abu-Raddad, 2022 [38] (BNT162b2)
Abu-Raddad, 2022 [38] (mRNA-1273)
Qassim, 2022[19] (BNT162b2 or mRNA-1273)
Levine-Tiefenbrun, 2021 [17] (BNT162b2)
Kislaya, 2022[40] (BNT162b2 or mRNA-1273)
Qassim, 2022[19] (BNT162b2 or mRNA-1273)

3 DOSES mRNA VACCINE
Levine-Tiefenbrun, 2022 [16] (BNT162b2)
Woodbridge, 2022 [20] (BNT162b2)
Woodbridge, 2022 [20] (BNT162b2)

Qassim, 2022[18] (BNT162b2 or mRNA-1273)

SARS-CoV-2 variant

1

1

i

E & Alpha

H L Alpha

{ —a— Alpha

H i Beta

H —— Beta

s Beta

H L Delta

H L Delta

| —a— Delta

1

i

E —a— Delta

H —— Delta

H i Omicron

H HH Omicron
-2 -1 E) 1 2 3 4 5 6 7 8

mean difference Ct value (95% Cl)

Figure 3. Mean difference in Ct values between vaccinated versus unvaccinated SARS-CoV-2-infected
persons (i.e., higher Ct values for the vaccinated group, suggesting lower viral load). - Signifi-
cant effect.

In addition, results from three studies with Ct data could not be included in the figure
because of missing data. Two studies [27,41] reported significantly increased Ct values
for vaccinated versus unvaccinated SARS-CoV-2-infected persons during the alpha and
alpha/delta period and two studies [41,43] reported no significant effect of COVID-19
vaccination on Ct values during delta (Supplement Table S8). Four studies [39,42,44,46]
reported results only on the outcome viral load for different variants of concern: three
results showed a significantly decreased viral load for the vaccinated group for pre-delta
and delta and three results showed a non-significant decreased viral load for delta and
omicron (Supplement Table S8).

4. Discussion

Despite considerable clinical heterogeneity among the included transmission studies,
published studies to date suggest the effectiveness of COVID-19 vaccines against trans-
mission. COVID-19 vaccination reduced the transmission of SARS-CoV-2 regardless of
vaccine type, number of doses, or SARS-CoV-2 variant of concern (range 16% to 95% versus
unvaccinated). Statistically significant effectiveness against transmission was shown in 75%
of the study results. This indicates that after a breakthrough infection, vaccinated persons
have reduced infectiousness and a smaller chance of further transmission of SARS-CoV-2
to their contacts, although these findings were less pronounced in the omicron era.

The primary focus of vaccine development is to provide direct protection to help
reduce clinical manifestations of infection, such as reducing disease severity or decreasing
the rate of hospitalization or death. Direct protection is crucial to demonstrate the licensure
of new vaccines [7,9], and COVID-19 vaccines have been shown to reduce COVID-19
incidence, hospitalization, and mortality [12-14]. However, vaccines often also contribute
to infectious disease control by providing indirect protection by reducing the onward
transmission risk [7,9]. Most notable examples were observed following the introduction
of meningococcal and pneumococcal conjugate vaccines, with reductions of approximately
50% in disease incidence in unvaccinated populations [47]. Even for viral respiratory
pathogens such as influenza, which is more similar to COVID-19 in terms of disease charac-
teristics, there is evidence that childhood influenza vaccination may offer indirect protection
to susceptible unvaccinated persons in settings such as household members, elderly, and
other close contacts [48]. Based on our systematic review, COVID-19 vaccination showed
effectiveness against SARS-CoV-2 transmission and led to lower viral loads compared to
the unvaccinated. Although this effect was less pronounced against omicron, well-timed
vaccination programs may help reduce SARS-CoV-2 transmission.
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Over time, SARS-CoV-2 evolved in different variants of concern through genetic
mutations. Compared to the previous variants of concern, omicron has many genetic
mutations in the Spike protein that increase transmissibility and the ability to partial
vaccine-induced immune escape, resulting in an increase in the number of infections [49].
The COVID-19 vaccines were developed based on the Spike protein of the ancestral SARS-
CoV-2 strain and the mutations of the omicron variant of concern have decreased the
vaccine effectiveness and led to re-infection [49]. Infections with omicron have been milder
in comparison with the previous variants, with regard to the risk of hospitalization, need
for mechanical ventilation, and death. However, these data must be interpreted in the
context of continually evolving population immunity derived from previous infection
and/or COVID-19 vaccination [49]. Whether better-matched vaccines can improve vaccine
effectiveness against transmission in the omicron era needs further study. Regardless, the
value of indirect benefits of COVID-19 vaccination should be taken into consideration when
evaluating vaccination strategies or assessing the economic value of vaccination.

Considering the potential rapid surge in COVID-19 cases [50], the timing of COVID-19
vaccination programs to reduce SARS-CoV-2 transmission may be incorporated when
COVID-19 displays a seasonal pattern. This is defined as the seasonality of a virus: varia-
tions in the virus prevalence across geographical regions at more or less regular intervals
throughout the year [51,52]. Seasonality is more pronounced in regions with greater
distance from the equator and has a different timing in the Northern and Southern hemi-
spheres [51-53]. Outbreaks of respiratory viruses such as the human influenza virus,
respiratory syncytial virus, and coronaviruses follow a seasonal pattern with higher preva-
lence during the winter period [52,53]. Whether COVID-19 displays a seasonal pattern is
still under study. When a seasonal pattern of COVID-19 is shown, seasonal vaccination
programs could be implemented instead of a year-round vaccination program to make
the development and implementation of COVID-19 vaccines more effective and efficient.
Furthermore, timing and preparedness are important aspects of pandemic control of highly
contagious diseases such as COVID-19. When timed early during a pandemic, interventions
are more effective and could substantially reduce transmission in household and commu-
nity settings. Evidence from previous pandemics indicates that vaccination prior to the
outbreak, before the peak of infections, is highly cost-effective [54]. Although vaccinating
past the peak of infections may not be cost-effective, during the COVID-19 pandemic with
multiple waves of infections, it seemed to be worth vaccinating past the peak, as there may
be future waves of infections once the non-pharmaceutical interventions were eased [54].

It is challenging to assess the effect size of COVID-19 vaccination on transmission and
to separate this from other factors that changed the SARS-CoV-2 circulation, for example,
the shifting vaccine uptake which might vary over time as the perceived risk varies, the
waning effect of vaccination, the prevalence of natural infections, elimination of preventive
non-pharmaceutical interventions, and the emergence of novel variants with different levels
of infectivity and transmissibility [55,56]. When mutant variants evolve with characteristics
different from their ancestral strains this might affect the effectiveness of the COVID-19
vaccines, given the vaccines evaluated in the included studies (i.e., original wild-type
vaccines) were designed based on the earlier variants of SARS-CoV-2 [55,56]. Furthermore,
viral load studies are challenged by their use of Ct values as outcomes. RT-PCR tests
are the gold standard for SARS-CoV-2 detection and based on the amount of viral RNA
in the sample provide a qualitative result (i.e., detected /not detected) and quantitative
result (i.e., Ct value; with lower Ct values indicative of higher viral load) [11]. Although
viral load is a proxy for infectiousness, positive RT-PCR results do not necessarily imply a
viable virus [11]. Precaution should be taken interpreting Ct data because currently there
is no universal Ct value threshold to predict infectivity, Ct values can vary significantly
across and within testing platforms, and Ct values vary during the course of a SARS-CoV-2
infection and with different virus variants [11].

This systematic review has several limitations. Firstly, the heterogeneity of the in-
cluded studies such as different countries, study periods, SARS-CoV-2 variants, vaccines,
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populations, testing, and outcome measures. Though heterogeneity is inevitable, this was
tackled partly by including only studies with a matched design or adjusted analyses. Most
of the other factors that might change the SARS-CoV-2 circulation as described above, such
as differences in non-pharmaceutical intervention policies, were not implemented in the
analyses of the included studies. In mathematical modeling studies it is possible to take the
effects and uncertainties of these factors into account in different scenarios and sensitivity
analyses, and, for example, examine the effects of vaccine roll-out in combination with the
relaxation of non-pharmaceutical interventions [4,57]. Secondly, some study results are
outdated for the current SARS-CoV-2 situation. Early studies had low vaccination coverage
and the vaccinated and unvaccinated populations are likely to be different in multiple
aspects from the more recent studies, for example with regard to priority for vaccinating
high-risk populations and willingness or unwillingness to vaccinate. However, we still
saw an effect during the omicron period. Thirdly, incomplete reporting of data in the
transmission and viral load studies, such as lacking patient characteristics or not reporting
all data on the outcomes. Viral load was often not a primary outcome of interest.

There are several challenges with quantifying the indirect effects of COVID-19 vaccina-
tion accurately. Studies on transmission are less often conducted than studies on the direct
protection of vaccines and heterogeneity will always be an element of these studies. For
future studies, we would therefore recommend implementing standardization of variables
where possible (e.g., testing platform and timing of test after infection and vaccination),
applying matched designs or adjusted analyses, avoiding self-reported data, and more
complete reporting of the data. Prospective designs will contribute to the completeness
of data collection. We also observed that part of the studies did not have large sample
sizes to evaluate the indirect effectiveness of the COVID-19 vaccine with clear certainty.
Therefore, it is critical to design more robust and homogeneous studies across several geo-
graphical locations with adequate sample sizes to quantify the indirect effects of COVID-19
vaccination for different clinical outcomes and study populations so that the results can
be confirmed and replicated. Studies with new methodological approaches to measuring
accurate indirect effects are also needed to overcome these inherent limitations presented
in modeling and real-world observational studies.

5. Conclusions

In conclusion, based on a systematic review, COVID-19 vaccination showed effec-
tiveness against SARS-CoV-2 transmission and led to lower viral loads compared to the
unvaccinated. Although this effect was less pronounced against omicron, well-timed
vaccination programs may help reduce SARS-CoV-2 transmission. Future studies should
evaluate the impact of updated omicron-adapted vaccines on transmission.
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