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Abstract 

Background: Dose fractionation of a coronavirus disease 2019 (COVID-19) vaccine could effectively accelerate global 
vaccine coverage, while supporting evidence of efficacy, immunogenicity, and safety are unavailable, especially with 
emerging variants.

Methods: We systematically reviewed clinical trials that reported dose-finding results and estimated the dose-
response relationship of neutralizing antibodies (nAbs) of COVID-19 vaccines using a generalized additive model. We 
predicted the vaccine efficacy against both ancestral and variants, using previously reported correlates of protection 
and cross-reactivity. We also reviewed and compared seroconversion to nAbs, T cell responses, and safety profiles 
between fractional and standard dose groups.

Results: We found that dose fractionation of mRNA and protein subunit vaccines could induce SARS-CoV-2-specific 
nAbs and T cells that confer a reasonable level of protection (i.e., vaccine efficacy > 50%) against ancestral strains and 
variants up to Omicron. Safety profiles of fractional doses were non-inferior to the standard dose.

Conclusions: Dose fractionation of mRNA and protein subunit vaccines may be safe and effective, which would also 
vary depending on the characteristics of emerging variants and updated vaccine formulations.
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Background
Three years into the pandemic, coronavirus disease 
2019 (COVID-19) continues to threaten global health 
with emerging variants. While vaccinations are effec-
tive in preventing hospitalizations and deaths [1, 2], 
there has been unequal distribution of vaccinations 
across the globe. Despite that the current vaccine sup-
ply would cover most of the global population, a por-
tion of the supply were prioritized for the fourth or fifth 

dose in high-income countries, while only 15.7% of peo-
ple in lower-income countries had received at least one 
vaccine dose as of 16 May 2022 [3]. Dose fractionation 
of vaccines has been previously recommended to ease 
global supply shortage and accelerate vaccine cover-
age in low-income countries, where a larger proportion 
of the population could have access to vaccination while 
each individual would receive a lower vaccine dose [4, 5]. 
However, uncertainties and concerns about the vaccine 
efficacy using fractional doses against severe acute respir-
atory syndrome coronavirus 2 (SARS-CoV-2) ancestral 
strains and emerging variants of concern (VoCs) [6–8], 
and the potential differences between vaccine platforms, 
hindered the endorsement for dose fractionation of 
COVID-19 vaccines [9, 10]. Nevertheless, a half-dose of 
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the original Moderna vaccine has been recommended for 
the booster dose for adults who are not moderately and 
severely immunocompromised [11].

Here, we conducted a systematic review and meta-
analysis of phase I/II trials that reported dose-finding 
results of immunogenicity and safety profiles for COVID-
19 vaccines. As our primary outcome, we estimated the 
pooled dose-response relationship of neutralizing anti-
bodies (nAbs) against the ancestral strain. We then used 
the dose-response relationship to project the potential 
vaccine efficacy of fractional doses against infections 
of the ancestral strain and VoCs using a hypothesized 
relation between nAbs and protection [12, 13]. We also 
reviewed the differences in seroconversion of nAbs, 
T cell-mediated immune responses, and safety profile 
between fractional and standard dose (i.e., doses used for 
final products or phase III trials) groups, to further assess 
the differences in immunogenicity and safety after receiv-
ing fractional and standard doses.

Methods
Search strategy and study selection
We searched peer-reviewed publications on clinical tri-
als of SARS-CoV-2 vaccines in PubMed on 9 December 
2021. We searched with the following terms: (SARS-
CoV-2 OR COVID-19) AND (vaccine AND dose) AND 
(antibod* OR immun*) (detailed search terms in Addi-
tional file 1: Table S1 and Additional file 2) [6, 13–63]. 
We included dose-escalation studies that reported 
safety, neutralizing antibodies (nAbs, which were 
measured by plaque reduction neutralization test, 50% 
reduction,  PRNT50 and/or surrogate virus neutraliza-
tion test, sVNT), and/or T cell-mediated immunity 
among healthy individuals received SRAS-CoV-2 vac-
cines (Additional file  1: Tables S2–S4). We excluded 
(1) studies that did not report immunological response 
or only reported binding antibody; (2) studies without 
dose-escalation; (3) studies on non-human hosts; (4) 
studies on participants with specific health conditions 
(e.g., cancer, organ transplantation) or pregnancy; (5) 
studies specifically designed for hybrid immunity (i.e., 
natural infection or heterogenous vaccinations); and 
(6) reviews or commentaries (Additional file 1: Fig. S1). 
We assessed the quality of included studies using the 
Cochrane Risk of Bias tool 2.0 for randomized trials 
[46] (Additional file 1: Fig. S2).

Data extraction and processing
Two reviewers (BY and XH) independently screened the 
titles and full texts of articles according to the inclusion and 
exclusion criteria. For each included study, we extracted 
relevant information of the vaccines and participants 
onto a standardized form, which includes vaccine name, 

manufacture, platform, dose fraction, vaccination and sam-
pling schedule, age group, and sizes of vaccinated subjects. 
Dose fraction (Fi, j) was defined, for each study (j), as the 
ratio of each examined dose group (di, j; i denotes the dose) 
and the standard dose (dref, j, defined as the dose selected 
for the approved vaccine product or phase III trials):

Differences in seroconversion of neutralizing antibodies 
after fractional and standard dose
We compared the proportion of seroconversion to nAbs 
against ancestral strains after receiving fractional doses 
compared with the standard dose group, where sero-
conversion was predefined by each study as at least four-
fold increase in nAbs and/or changing from negative 
to positive after vaccinations (details about definitions 
for positive threshold and seroconversion were shown 
in Additional file 1: Table S3). We chose to estimate the 
pooled risks ratio of seroconversion (RR, i.e., the ratio 
of proportion of seroconversion between fractional 
and standard dose groups) over the pooled proportion 
of seroconversion (i.e., the proportion of seropositive 
among all investigated participants in each dose group), 
to minimize the impacts of measurement variations 
between laboratories. Sample size and the number of 
seroconverted participants were extracted for each dose 
group, which were then used to estimate the pooled log 
RR of seroconversion between fractional and standard 
dose groups using random effects (RE) model, stratified 
by vaccine type. We fitted mixed effects meta-regressions 
to assess the effects of the vaccine platform and dose 
fractions on seroconversion, after accounting for age 
group and assay methods.

Dose‑response relationship of neutralizing antibodies
For each study j, we extracted the mean (μi, j) and stand-
ard deviations (σi, j) of nAbs titers in different dose groups 
i; if not reported, we estimated μi, j and σi, j from (1) indi-
vidual data points or (2) median, interquartile (IQR), and 
sample sizes [64]. We then standardized the vaccine-
induced nAbs level (zi, j) using the nAbs measured in con-
valescent sera (μc, j) for each study:

We summarized standardized nAbs among different 
dose groups (i.e., fractional, standard, and higher dose 
groups) at different time points (i.e., days after 1 or 2 
doses). To quantify the non-linear dose-response rela-
tionship of vaccination  (log2Fi, j) and the standardized 

(1)Fi,j =
di,j

dref ,j

(2)zi,j =
µi,j

µc,j
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nAbs (zi, j), we fitted a generalized additive model (GAM; 
Additional file 1: Table S5) that accounted for the vaccine 
platform (V), vaccine schedule (i.e., total dosages D and 
days after full vaccination Ti, j), age group (A = children, 
adult, or elderly), and antigen used for neutralizing assay 
(M = live or pseudo virus):

s(.) denotes the thin plate spline term. With estimates 
from equation  3, we predicted the standardized nAbs 
(assuming measured by live virus and in adults; same for 
the following) against SARS-CoV-2 ancestral strain 14 
days after fully vaccinated (i.e., 1 dose for vector and 2 for 
the rest) with fractional doses (Fi, j) for different vaccine 
platforms. We validated our model predictions and raw 
data and performed ten-fold cross-validation (Additional 
file 1: Fig. S3 and Table S6).

Vaccine efficacy predicted from neutralizing antibodies
We applied the established correlation of protection 
(CoP) of standardized nAbs [12, 13] to predict the dose-
fractioning vaccine efficacy (Φi) against symptomatic 
infections of SARS-CoV-2 ancestral strain for different 
vaccine platforms (V):

We obtained the log-transformed 50% protective effi-
cacy  (log10z50, E) and steepness parameter kE for both 
symptomatic and severe infection from the previous 
study [12]. zi, V is the standardized nAbs at 14 days after 
fully vaccinated of fractional doses (Fi, j) for each vac-
cine platform, which was estimated from equation  3 
with coefficients shown in Additional file 1: Table S5.

We used previously reported [6, 13] fold of reduction 
(δS; Additional file  1: Table  S7) in nAbs to estimate the 
level of standardized nAbs (δSzi, V) against the variant S, 
which was then applied to equation 4 to predict the vac-
cine efficacy of dose fractioning against infections of 
SARS-CoV-2 VoCs. To validate our predicted vaccine 
efficacy against VoCs, we compared the predicted vac-
cine efficacy against symptomatic infections after stand-
ard dose and observations (Additional file  1: Table  S8) 
reported previously by Pearson correlation. Standard 
doses were used for comparison since there were no 
empirical data regarding half-dose.

T cell responses
Since assays and measurements used for T cell-medi-
ated responses vary across studies, we reviewed if T 

(3)
log2zi,j =�0 + �T s

(

Ti,j

)

+ �F s
(

log2Fi,j
)

+ �VVj

+ �DDi,j + �AAi,j + �MMi,j

(4)�i,V ,E =
1

1+ e
−kE log10

zi,V
z50,E

cell responses elicited by dose-fractioning vaccines 
(1) would be higher than that at a pre-vaccination 
level and (2) would be lower than that elicited by the 
standard dose vaccine within the same study. Briefly, 
we extracted the mean ( xi,j,k ; log-transformed if origi-
nally measured in log-scale; same for SE), standard 
error (SE, σ̂xi,j,k ), and sample size (ni) of specific meas-
urement k for T cell responses for each dose group or 
reference group (i.e., pre-vaccination or post stand-
ard dose vaccination) i in study j. Specific measure-
ment (k) includes T cell types (i.e., CD4+ or CD8+) 
and/or cytokines for T helper type 1 (Th1, including 
interferon-γ (IFN- γ), tumor necrosis factor (TNF- α) 
and interleukin-2 (IL-2)) and T helper type 2 (Th2, 
including IL-4, IL-5, IL-13). If mean and SE were not 
reported, we estimated these metrics from individual 
original data points or median, IQR and sample sizes 
[64]. We determined the statistical significance of the 
difference in (log-)means (Δi, j, k) assuming it follows a 
normal distribution.

Safety
We compared the safety profiles after receiving frac-
tional dose compared with the standard dose group. We 
extracted the sample size and the number of adverse 
events (AEs, i.e., solicited local and/or systemic events, 
unsolicited events, and any AEs) for each dose group. 
Individual manifestations within each AE category were 
extracted and assessed. We estimated the pooled log 
RR of experiencing AEs between fractional and stand-
ard dose groups using the RE model and stratifying by 
specific AE and vaccine platform. We calculated the  I2 
to measure the heterogeneity of the included estimates. 
We also repeated the above analysis for the higher 
dose group, which results can be found in our data 
repository.

Results
In total 1733 records were returned from PubMed search 
with 44 duplicates. After title and abstract screening, 
136 records were eligible for full-text screen (Additional 
file 1: Fig. S1). Thirty-eight studies were included in the 
analyses [15–17, 19, 21–26, 28–32, 36–38, 40–43, 45, 
48, 50–63], among which inactivated vaccines (29%, n = 
11) were studied the most, followed by protein subunit 

(5)�i,j,k = xi,j,k − xref ,j,k

(6)�̂�
Δi,j,k

=

√

√

√

√

�̂�xi,j,k
2

ni
+

�̂�xref ,j,k
2

nref
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(“subunit” hereafter; 26%, n = 10), mRNA (24%, n = 9), 
non-replicating viral vector (“vector” hereafter; 13%, n 
= 5) and others (Additional file 1: Fig. S1 and Table S2). 
We found overall low risks of bias of the included stud-
ies, except that seven adopted the non-randomized, and 
non-double-blinded design (Additional file  1: Fig. S2) 
[15, 28, 29, 37, 43, 48, 63].

Seroconversion of neutralizing antibodies after fractional 
doses
We estimated the pooled RR of the seroconversion 
against ancestral strains among individuals who com-
pleted fractional and standard dose from 14 studies of 
9 vaccines (Fig.  1). The probability of seroconversion to 
ancestral strains was 2.1% (95% confidence interval (CI) 
0.4% to 3.6%; I2= 52.0%, P-value < 0.01) lower among 
individuals with fractional doses compared to stand-
ard doses within the same trial. However, we found no 
association between dose fractionation (1.4%, 95% CI, 
− 20.4% to 29.3% per fold increase in dose) and serocon-
version proportions between lower and standard dose 
groups after accounting for vaccine platform, age group, 
and assay methods (i.e., live or pseudo virus) (Additional 
file 1: Table S9).

Dose‑relationship of neutralizing antibodies and predicted 
vaccine efficacy
Twenty-four studies reported nAbs against live (n = 20) 
and/or pseudo (n = 7) ancestral viruses from both post-
vaccination and convalescent sera (Additional file 1: Figs. 
S4–S6 and Table S3). We estimated that prime with one 
half-dose would elicit less than 10% of nAbs in convales-
cent sera, while prime-boost with two half-doses elicited 
higher nAbs than a single standard dose across all plat-
forms (Fig. 2A and Additional file 1: Fig. S3–S7).

We estimated that two half-dose mRNA vaccines 
would elicit 2.6 (95% CI, 2.1 to 3.3, measured on day 
14)-fold of the nAbs against the ancestral strain in con-
valescent sera (Fig.  2A), which is expected to prevent 
97% (95% CI, 95% to 97%) of symptomatic infections 
of the ancestral strains, respectively (Fig. 2B). Whereas 
two half-dose inactivated vaccines would elicit 0.28 
(95% IC 0.20 to 0.37)-fold of nAbs against the ances-
tral strains in convalescent sera, corresponding to 61% 
(95% CI, 51% to 70%) and 95% (95% CI, 92% to 96%) 
efficacy against symptomatic and severe infections of 
the ancestral strains, respectively. Overall, our predic-
tions suggested that the reduction in vaccine efficacy 
was smaller than dose fractionation across all vaccine 
platforms (Fig. 2C); half-doses may provide more than 
half of protection efficacy of standard doses.

Further incorporating the reported fold reduction 
in of vaccine-induced nAbs against VoCs (Additional 

file  1: Table  S7) [6, 13], we projected that two half-
dose mRNA vaccines would confer the highest effi-
cacy against symptomatic infections of VoCs (94%, 
95% CI, 92% to 95% against Alpha, 63%, 54% to 70% 
against Beta, 85%, 79% to 89% against Gamma, 83%, 
78% to 87% against Delta, and 32%, 26% to 40% against 
Omicron), followed by subunit, vector and inactivated 
vaccines (Fig. 3 and Additional file 1: Fig. S8). Our pre-
dicted efficacy against symptomatic infections of VoCs 
for standard dose highly correlated (Pearson correla-
tion 0.705, p-value < 0.01; Fig. S9) with empirical data 
[14, 18, 27, 33–35, 39, 44, 47, 49, 65], while we were 
not able to validate predictions for fractional doses 
due to lack of data. Results from ten-fold validations 
further supported our model fitting (Additional file 1: 
Table S6).

T cell responses after fractional doses
We first reviewed whether T cell-mediated immune 
responses elicited by dose fractioning vaccines would be 
higher than the pre-vaccination level. All 7 studies of 5 
vaccines reported a significant increase in SARS-CoV-2 
specific CD4+/CD8+ or CD4+ T helper type 1 (Th1) 
responses after vaccinated with fractional doses com-
pared to pre-vaccination (Fig. 4A), which were all biased 
to Th1 cells.

We then reviewed whether T cell responses would be 
lower than that elicited by the standard dose vaccine. 
Three vaccines (BNT162b1 [32, 43], MVC-COV1901 
[28], and Sf9 cells [36]) reported that dose fractionation 
elicited a similar level of CD4+ and/or CD8+ T cells 
compared to the standard dose (Fig.  4B). Quarter-dose 
of mRNA-1273 [15, 29] was reported to induce signifi-
cantly lower CD4+ Th1 cells compared to the stand-
ard dose, while half-dose of BBV152 were reported to 
induce significantly higher Th1 cytokines in one of two 
trials. We also compared the cellular responses between 
standard and higher dose groups and found no evidence 
for a dose-dependent relationship for 7 out of 9 vaccines 
(Additional file 1: Fig. S10).

Safety profiles after fractional doses
We reviewed the safety profile for 34 studies and found 
that, compared to the standard dose group, people in 
the fractional dose groups tended to experience adverse 
events at similar or lower frequency (Fig. S11–16). Par-
ticularly, the risk of experiencing solicited, and unso-
licited adverse events were 9.5% (95% CI, 3.9% to 14.8 
%) and 24.4% (3.9% to 41.1%) lower in individuals who 
received a factional dose of mRNA vaccines compared 
to standard doses (Fig. S14–15). One inactivated (BBIBP-
CorV in children [56]) and two subunit (NVX- CoV2373 
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and Livzon in adults [23, 45]) vaccines reported a higher 
risk of solicited systemic reactions in groups that received 
a lower dose than the standard dose.

Discussion
We reported the pooled dose-response relationship of 
nAbs against the ancestral strains using estimates from 

Fig. 1 Pooled risk ratio (in log scale) of seroconversion between fractional and standard dose groups of COVID-19 vaccines. Number of 
seroconversion individuals and sample sizes were shown for the standard and nonstandard groups, respectively
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phase I/II studies. Our findings suggested that vaccine-
induced nAbs varied substantially across dose fractions, 
number of dosages, and vaccine platforms. For vaccine 
platforms (e.g., mRNA and subunit) which standard 
doses could elicit higher nAbs levels than convalescent 
sera, fractionation of prime-boost doses could induce 
robust nAbs against the ancestral strains and similar 
seroconversion proportion with standard doses. nAbs 
induced by fractional vaccines of mRNA and subunit 
were predicted to confer ≥ 65% efficacy against symp-
tomatic infections of SARS-CoV-2 variants, except 
for Beta and Omicron. Fractionation of vaccine doses 
seemed to be safe and induce robust Th1-biased T cell 

responses that were similar to standard doses except for 
mRNA-1273.

We found that dose fractionation of COVID-19 vac-
cines would induce, though lower than standard doses, 
detective nAbs against ancestral strains. Based on 
previously established CoP [12, 13, 66], these nAbs 
may confer reasonable protection (i.e., > 50%) against 
symptomatic infections of ancestral strains, but not 
the subsequent VoCs, especially Omicron. Previous 
modeling study suggested that dose fractionation could 
be a cost-effective strategy in low-income countries, 
if vaccination could confer at least 50% of protection 
against symptomatic infections of variants with low 

Fig. 2 Dose-response relationship of neutralizing antibodies (nAbs) and vaccine efficacy (VE) against ancestral strains induced by COVID-19 
vaccines. A 2-dose schedule was assumed for RNA, protein subunit, and inactivated vaccines, while 1-dose schedule was assumed for 
non-replicating viral vectors (as suggested by the included trials). A Dose-response relationship of nAbs against ancestral strains. nAbs were 
standardized as the ratio to the convalescent sera. Dashed horizontal line indicates the average level of nAbs against ancestral strains in 
convalescent sera. B Dose-response relationship of predicted vaccine efficacy against symptomatic infections of ancestral strains. C Association 
between reduction in vaccine efficacy and dose fractionation. Reductions in vaccine efficacy were measured as the ratio between vaccine efficacy 
against symptomatic infections of ancestral strains between fractional and standard dose groups
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or moderate transmissibility (i.e., basic reproduction 
number R0 < 5) [67]. Given these findings, our results 
of nAbs and vaccine efficacy predictions suggested that 
dose fractionation could have been a cost-effective strat-
egy to control the emergence of some early VoCs (e.g., 
Alpha and Delta), but not for the currently circulating 
Omicron given the significant immunity breakthrough 
[6, 7] and higher transmissibility [68]. With the devel-
opment of reformulated COVID-19 vaccines using the 
Omicron variant, fractionation of vaccines in the sub-
sequent booster dose allocation may still be effective yet 
further investigations are needed.

While there is no established correlate of protection 
against severe COVID, we found that fractional doses of 
most studied vaccines could induce detective and likely 
robust T cell responses, which may contribute to pro-
tection against severe outcomes given that SARS-CoV-2 
specific T cells could broadly cross-react to a range of 
VoCs (including Omicron) and were associated with 

better outcomes [69, 70]. Therefore, dose fractionation of 
COVID-19 vaccines might still be able to avert a consid-
erable number of hospitalizations and deaths, even with 
the emergence of new variants with higher rates of break-
through infections.

We were not able to assess the durability of the 
immune responses elicited by fractional doses of 
COVID-19 vaccines, as most trials reported limited 
follow-up that was typically just one month after vac-
cination. Therefore, our efficacy estimates may only be 
indicative for short-term protection. Waning SARS-
CoV-2 specific aAbs, T cells, and vaccine efficacy 
(against both ancestral and VoCs) may be expected, 
as suggested by evidence from individuals receiving 
standard doses after 6 months [7, 71–73]. For standard 
doses, both homogeneous and heterogenous boosters 
could substantially increase nAbs and vaccine efficacy 
against VoCs [8], while such data were lacking for frac-
tional doses.

Fig. 3 Predicted vaccine efficacy against SARS-CoV-2 variants of concern after fully vaccinated with half-dose vaccines. Vaccine efficacy against 
symptomatic infections after full vaccinations (i.e., one dose non-replicating viral vector and two doses for the rest) of half-dose is shown, with the 
complete dose-dependent effectiveness shown in Additional file 1: Fig. S8. A-E for Alpha, Beta, Gamma, Delta, and Omicron
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To minimize the impacts of measurement variations 
between laboratories, we compared the differences in 
seroconversion of nAbs and T cell responses within each 
trial and quantified the dose-relationship using nAbs that 
were standardized to convalescent sera. Calibration to 
recommended international standard may further reduce 
the between laboratory variations, which was, however, 
not reported by the included trials.

We did not look at the nAbs induced by individual vac-
cine manufacturers due to limited data, while we found 
consistent seroconversion proportion and dose-relation-
ship within platform (Additional file 1: Fig. S3–S7). Nev-
ertheless, disparities in nAbs levels and durability were 
reported for individual vaccines from the same platform 
(e.g., mRNA-1273 vs. BNT162b1 vaccines [9]). Of not, 
dose-response relationship may vary across vaccine plat-
forms, while we do not have sufficient data for further 
investigations.

Our results indicated that nAbs and the projected 
protections after two half-doses were higher than that 
after one standard dose. Therefore, two half-doses could 
make more efficient usage of the limited antigen (espe-
cially early in the pandemic) and potentially save more 

lives compared to one standard dose, despite for the 
higher logistical cost for vaccine administration [67].

We found that the safety of fractionation of vaccine 
doses seems to be non-inferior to that of the standard 
doses. However, our pooled safety estimates may be 
underpowered to detect rare safety events, as most of 
the included studies were phase I and II trials that were 
designed with small sample sizes.

Our study only focused on the immunogenicity and 
safety and the projected efficacy of dose fractionation 
of COVID-19 vaccines, and therefore findings should 
be interpreted within this scope. The projected VE 
under the smallest fractional doses (e.g., 10% to 30%) 
may suffer greater uncertainties from smaller sample 
sizes and edge effects of GAM estimations, despite that 
several studies reported similar or slightly lower sero-
conversion risk in these low dose groups. In addition, 
some of the vaccine effectiveness estimates we used to 
validate the projected vaccine efficacies of fractional 
doses were estimated in observational studies, which 
may also be subject to a number of biases. Therefore, 
endorsement of dose fractionation of vaccines by reg-
ulatory agencies would likely need stronger efficacy 

Fig. 4 Comparison of T cell responses against the ancestral strains elicited by dose fractioning of COVID-19 vaccines. The size of dots represents the 
total sample sizes of the standard and non-standard dose groups. A Compared to pre-vaccination. If the mean and 95% CI of the difference in mean 
T cell levels before and after the fractional doses were all greater than 0, we determined T cell responses were significantly higher between the 
groups. B Compared to people who received standard doses. If the mean and 95% CI of the difference in mean T cell levels between the fractional 
and standard dose groups were all greater or less than 0, we determined T cell responses were significantly higher or lower than that elicited by the 
standard dose
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data, and other considerations would include the evolv-
ing supply situation, logistics restrictions, and vaccine 
communications.

Conclusions
To summarize, fractionation of vaccine doses, especially 
mRNA and protein subunit vaccines, are safe and would 
induce antibody and T cell responses that likely confer a 
reasonable level of protection against severe infections 
of SARS-CoV-2 ancestral and VoCs up to Omicron. The 
use of vaccines with lower antigen content earlier in the 
pandemic might have been an efficient approach to save 
even more lives, while further clinical investigation of 
fractional booster doses would certainly be worthwhile.

Abbreviations
AEs: Adverse events; CI: Confidence interval; CoP: Correlation of protection; 
COVID-19: Coronavirus disease 2019; GAM: Generalized additive model; IFN: 
Interferon; IL: Interleukin; IQR: Interquartile; nAbs: Neutralizing antibodies; 
PRNT50: Plaque reduction neutralization test, 50% reduction; RE: Random 
effects; RR: Risk ratio; SARS-CoV-2: Severe acute respiratory syndrome coro-
navirus 2; SE: Standard error; sVNT: Surrogate virus neutralization test; Th1: T 
helper type 1; Th2: T helper type 2; TNF: Tumor necrosis factor; VoCs: Variants 
of concern.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12916- 022- 02600-0.

Additional file 1: Table S1. Search strategy and number of articles identi-
fied in each step. Table S2. Summary of 38 studies that were included for 
systematic review analysis. Table S3. Summary of 38 studies that were 
included for analyses of seroconversion and dose-response relationship 
of neutralizing antibodies. Table S4. Summary of 17 studies that are 
included for cell-mediated response analysis by vaccine type. Table S5. 
Factors associated with neutralizing antibody responses after receiving 
different fractional doses of vaccinations. Table S6. Cross-validation of 
general additive model for dose-response relationship of neutralizing 
antibody after fractional doses. Table S7. Fold of reduction in neutralizing 
antibodies against variants of concerns. Table S8. Vaccine effectiveness 
against infections of variants of concern for standard dose. Table S9. 
Factors associated with risk of experiencing seroconversion of neutral-
izing antibodies after receiving non-standard and standard doses. Fig. 
S1. Flowchart of literature search and screening. Fig. S2. Risk of bias of 39 
included studies. Fig. S3. Model predictions of dose-response relationship 
of neutralizing antibodies (nAbs) against ancestral strains introduced by 
COVID-19 vaccines. Fig. S4. Standardized neutralizing antibodies (nAbs) 
introduced by COVID-19 vaccines on day 0 since the complete vaccina-
tion. Fig. S5. Standardized neutralizing antibodies (nAbs) introduced by 
COVID-19 vaccines on day 14 since the complete vaccination. Fig. S6. 
Standardized neutralizing antibodies (nAbs) introduced by COVID-19 
vaccines on day 28 or later since the complete vaccination. Fig. S7. Asso-
ciations between time since complete vaccination and the standardized 
neutralizing antibodies (nAbs) against the ancestral strains elicited by frac-
tioning dose of COVID-19 vaccines. Fig. S8. Dose-relationship between 
dose fractionation and predicted vaccine efficacy against symptomatic 
infections of variants of concern. Fig. S9. Correlation between predicted 
and observed vaccine efficacy against variants of concern for standard 
dose of COVID-19 vaccines. Fig. S10. Comparison of T-cell responses 
against the ancestral strains elicited by higher doses of COVID-19 vac-
cines. Fig. S11. Comparison of safety after vaccinated with lower doses 
(a) and higher doses (b) to standard doses of SARS-CoV-2 vaccines. Fig. 
S12. Pooled risk ratio (in log scale) of experiencing solicited local adverse 

events after vaccinated with fractional and standard dose groups. Fig. 
S13. Pooled risk ratio (in log scale) of experiencing solicited systemic 
adverse events after vaccinated with fractional and standard dose groups. 
Fig. S14. Pooled risk ratio (in log scale) of experiencing any solicited 
adverse events after vaccinated with fractional and standard dose groups. 
Fig. S15. Pooled risk ratio (in log scale) of experiencing any unsolicited 
adverse events after vaccinated with fractional and standard dose groups. 
Fig. S16. Pooled risk ratio (in log scale) of experiencing any adverse events 
after vaccinated with fractional and standard dose groups.

Additional file 2. Preferred reporting items for systematic reviews and 
meta-analyses (PRISMA) list.

Acknowledgements
The authors thank Ms. Julie Au for the administrative support.

Authors’ contributions
All authors meet the ICMJE criteria for authorship. BY and BJC conceived the 
study. BY and XH performed the literature review and screening. BY, XH, and 
HG extracted data. BY analyzed the data and wrote the first draft of the manu-
script. NHL and TKT contributed to analytic methods and critically reviewed 
the manuscript. All authors read and approved the final version.

Funding
This project was supported by the Theme-based Research Scheme (Project 
No. T11-705/21-N) of the Research Grants Council of the Hong Kong SAR 
Government, the National Institute of Allergy and Infectious Diseases, National 
Institutes of Health, Department of Health and Human Services, under 
contract no. 75N93021C00016, and a Research Grants Council Senior Research 
Fellowship (grant number: HKU SRFS2021-7S03). BJC also acknowledges the 
support AIR@InnoHK administered by the Innovation and Technology Com-
mission of the Government of the Hong Kong Special Administrative Region.

Availability of data and materials
All data were collected from publicly available literatures, with detailed 
description in the “Methods” section and Additional file 1. Data used for the 
analysis can be assessed at [74]. The authors declare that all codes for analyz-
ing the data are made available at https:// github. com/ byyan gyby/ fract ional_ 
dose_ review.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
B.J.C. consults for AstraZeneca, GSK, Moderna, Roche, Sanofi Pasteur, and 
Pfizer. The remaining authors declare no competing interests.

Received: 6 July 2022   Accepted: 10 October 2022

References
 1. Haas EJ, McLaughlin JM, Khan F, Angulo FJ, Anis E, Lipsitch M, et al. Infec-

tions, hospitalisations, and deaths averted via a nationwide vaccina-
tion campaign using the Pfizer-BioNTech BNT162b2 mRNA COVID-19 
vaccine in Israel: a retrospective surveillance study. Lancet Infect Dis. 
2022;22(3):357–66.

 2. Meslé MM, Brown J, Mook P, Hagan J, Pastore R, Bundle N, Spiteri G, et al. 
Estimated number of deaths directly averted in people 60 years and 
older as a result of COVID-19 vaccination in the WHO European Region, 
December 2020 to November 2021. Euro Surveill. 2021;26(47):2101021. 
https:// doi. org/ 10. 2807/ 1560- 7917. ES. 2021. 26. 47. 21010 21. Erratum in: 
Euro Surveill. 2022 May;27(21): Erratum in: Euro Surveill. 2022 Jun;27(24).

https://doi.org/10.1186/s12916-022-02600-0
https://doi.org/10.1186/s12916-022-02600-0
https://github.com/byyangyby/fractional_dose_review
https://github.com/byyangyby/fractional_dose_review
https://doi.org/10.2807/1560-7917.ES.2021.26.47.2101021


Page 10 of 11Yang et al. BMC Medicine          (2022) 20:409 

 3. Mathieu E, Ritchie H, Ortiz-Ospina E, Roser M, Hasell J, Appel C, 
et al. A global database of COVID-19 vaccinations. Nat Hum Behav. 
2021;5(7):947–53.

 4. Cowling BJ, Lim WW, Cobey S. Fractionation of COVID-19 vaccine 
doses could extend limited supplies and reduce mortality. Nat Med. 
2021;27(8):1321–3.

 5. World Health Organization: Fractional dose yellow fever vaccine as a 
dose-sparing option for outbreak response; 2016.

 6. Carreno JM, Alshammary H, Tcheou J, Singh G, Raskin AJ, Kawabata H, 
et al. Activity of convalescent and vaccine serum against SARS-CoV-2 
Omicron. Nature. 2022;602(7898):682–8.

 7. Andrews N, Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher E, et al. 
Covid-19 vaccine effectiveness against the Omicron (B.1.1.529) Variant. N 
Engl J Med. 2022;386(16):1532–46.

 8. Cheng SMS, Mok CKP, Leung YWY, Ng SS, Chan KCK, Ko FW, et al. Neutral-
izing antibodies against the SARS-CoV-2 Omicron variant BA.1 following 
homologous and heterologous CoronaVac or BNT162b2 vaccination. Nat 
Med. 2022;28(3):486–9.

 9. Wilder-Smith A, Desai S, Cravioto A, Nohynek H, Hombach J. Caution 
before fractionating COVID-19 vaccines. Nat Med. 2021;27(11):1856–7.

 10. Interim  statement on dose-sparing strategies for COVID-19 vaccines 
(fractionated vaccine doses). https:// www. who. int/ news/ item/ 10- 08- 
2021- inter im- state ment- on- dose- spari ng- strat egies- for- covid- 19- vacci 
nes- (fract ionat ed- vacci ne- doses). Accessed 1 June 2022.

 11. Interim Clinical Considerations for Use of COVID-19 Vaccines | CDC. 
https:// www. cdc. gov/ vacci nes/ covid- 19/ clini cal- consi derat ions/ covid- 
19- vacci nes- us. html# consi derat ions- covid 19- vax- boost er. Accessed 1 
June 2022.

 12. Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al. 
Neutralizing antibody levels are highly predictive of immune protection 
from symptomatic SARS-CoV-2 infection. Nat Med. 2021;27(7):1205–11.

 13. Cromer D, Steain M, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al. 
Neutralising antibody titres as predictors of protection against SARS-
CoV-2 variants and the impact of boosting: a meta-analysis. Lancet 
Microbe. 2022;3(1):e52–61.

 14. Abu-Raddad LJ, Chemaitelly H, Butt AA. National Study Group for C-V: 
effectiveness of the BNT162b2 Covid-19 vaccine against the B.1.1.7 and 
B.1.351 variants. N Engl J Med. 2021;385(2):187–9.

 15. Anderson EJ, Rouphael NG, Widge AT, Jackson LA, Roberts PC, Makhene 
M, et al. Safety and immunogenicity of SARS-CoV-2 mRNA-1273 vaccine 
in older adults. N Engl J Med. 2020;383(25):2427–38.

 16. Chappell KJ, Mordant FL, Li Z, Wijesundara DK, Ellenberg P, Lackenby 
JA, et al. Safety and immunogenicity of an MF59-adjuvanted spike 
glycoprotein-clamp vaccine for SARS-CoV-2: a randomised, double-blind, 
placebo-controlled, phase 1 trial. Lancet Infect Dis. 2021;21(10):1383–94.

 17. Che Y, Liu X, Pu Y, Zhou M, Zhao Z, Jiang R, et al. Randomized, double-
blinded, placebo-controlled phase 2 trial of an inactivated severe acute 
respiratory syndrome Coronavirus 2 vaccine in healthy adults. Clin Infect 
Dis. 2021;73(11):e3949–55.

 18. Chemaitelly H, Yassine HM, Benslimane FM, Al Khatib HA, Tang P, Hasan 
MR, et al. mRNA-1273 COVID-19 vaccine effectiveness against the B.1.1.7 
and B.1.351 variants and severe COVID-19 disease in Qatar. Nat Med. 
2021;27(9):1614–21.

 19. Chu L, McPhee R, Huang W, Bennett H, Pajon R, Nestorova B, et al. m 
RNASG: a preliminary report of a randomized controlled phase 2 trial of 
the safety and immunogenicity of mRNA-1273 SARS-CoV-2 vaccine. Vac-
cine. 2021;39(20):2791–9.

 20. Collie S, Champion J, Moultrie H, Bekker LG, Gray G. Effectiveness of 
BNT162b2 Vaccine against Omicron variant in South Africa. N Engl J Med. 
2022;386(5):494–6.

 21. Ella R, Reddy S, Jogdand H, Sarangi V, Ganneru B, Prasad S, et al. Safety 
and immunogenicity of an inactivated SARS-CoV-2 vaccine, BBV152: 
interim results from a double-blind, randomised, multicentre, phase 2 
trial, and 3-month follow-up of a double-blind, randomised phase 1 trial. 
Lancet Infect Dis. 2021;21(7):950–61.

 22. Ella R, Vadrevu KM, Jogdand H, Prasad S, Reddy S, Sarangi V, et al. 
Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine, 
BBV152: a double-blind, randomised, phase 1 trial. Lancet Infect Dis. 
2021;21(5):637–46.

 23. Formica N, Mallory R, Albert G, Robinson M, Plested JS, Cho I, et al. nCo 
VSG: Different dose regimens of a SARS-CoV-2 recombinant spike protein 

vaccine (NVX-CoV2373) in younger and older adults: a phase 2 rand-
omized placebo-controlled trial. Plos Med. 2021;18(10):e1003769.

 24. Goepfert PA, Fu B, Chabanon AL, Bonaparte MI, Davis MG, Essink BJ, et al. 
Safety and immunogenicity of SARS-CoV-2 recombinant protein vaccine 
formulations in healthy adults: interim results of a randomised, placebo-con-
trolled, phase 1-2, dose-ranging study. Lancet Infect Dis. 2021;21(9):1257–70.

 25. Guo W, Duan K, Zhang Y, Yuan Z, Zhang YB, Wang Z, et al. Safety and 
immunogenicity of an inactivated SARS-CoV-2 vaccine in healthy adults 
aged 18 years or older: A randomized, double-blind, placebo-controlled, 
phase 1/2 trial. EClinicalMedicine. 2021;38:101010.

 26. Han B, Song Y, Li C, Yang W, Ma Q, Jiang Z, et al. Safety, tolerability, and 
immunogenicity of an inactivated SARS-CoV-2 vaccine (CoronaVac) in 
healthy children and adolescents: a double-blind, randomised, con-
trolled, phase 1/2 clinical trial. Lancet Infect Dis. 2021;21(12):1645–53.

 27. Heath PT, Galiza EP, Baxter DN, Boffito M, Browne D, Burns F, et al. 
Safety and efficacy of NVX-CoV2373 Covid-19 vaccine. N Engl J Med. 
2021;385(13):1172–83.

 28. Hsieh SM, Liu WD, Huang YS, Lin YJ, Hsieh EF, Lian WC, et al. Safety and 
immunogenicity of a recombinant stabilized prefusion SARS-CoV-2 
spike protein vaccine (MVC-COV1901) adjuvanted with CpG 1018 and 
aluminum hydroxide in healthy adults: a phase 1, dose-escalation study. 
EClinicalMedicine. 2021;38:100989.

 29. Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene M, Coler 
RN, et al. An mRNA vaccine against SARS-CoV-2 - preliminary report. N 
Engl J Med. 2020;383(20):1920–31.

 30. Keech C, Albert G, Cho I, Robertson A, Reed P, Neal S, et al. Phase 1-2 trial 
of a SARS-CoV-2 recombinant spike protein nanoparticle Vaccine. N Engl 
J Med. 2020;383(24):2320–32.

 31. Kremsner PG, Mann P, Kroidl A, Leroux-Roels I, Schindler C, Gabor JJ, 
et al. Safety and immunogenicity of an mRNA-lipid nanoparticle vaccine 
candidate against SARS-CoV-2 : a phase 1 randomized clinical trial. Wien 
Klin Wochenschr. 2021;133(17-18):931–41.

 32. Li J, Hui A, Zhang X, Yang Y, Tang R, Ye H, et al. Safety and immunogenic-
ity of the SARS-CoV-2 BNT162b1 mRNA vaccine in younger and older 
Chinese adults: a randomized, placebo-controlled, double-blind phase 1 
study. Nat Med. 2021;27(6):1062–70.

 33. Li XN, Huang Y, Wang W, Jing QL, Zhang CH, Qin PZ, et al. Effectiveness 
of inactivated SARS-CoV-2 vaccines against the Delta variant infection 
in Guangzhou: a test-negative case-control real-world study. Emerg 
Microbes Infect. 2021;10(1):1751–9.

 34. Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall 
S, et al. Effectiveness of Covid-19 vaccines against the B.1.617.2 (Delta) 
Variant. N Engl J Med. 2021;385(7):585–94.

 35. Madhi SA, Baillie V, Cutland CL, Voysey M, Koen AL, Fairlie L, et al. Efficacy 
of the ChAdOx1 nCoV-19 Covid-19 vaccine against the B.1.351 variant. N 
Engl J Med. 2021;384(20):1885–98.

 36. Meng FY, Gao F, Jia SY, Wu XH, Li JX, Guo XL, et al. Safety and immuno-
genicity of a recombinant COVID-19 vaccine (Sf9 cells) in healthy popula-
tion aged 18 years or older: two single-center, randomised, double-blind, 
placebo-controlled, phase 1 and phase 2 trials. Signal Transduct Target 
Ther. 2021;6(1):271.

 37. Momin T, Kansagra K, Patel H, Sharma S, Sharma B, Patel J, et al. Safety 
and Immunogenicity of a DNA SARS-CoV-2 vaccine (ZyCoV-D): Results 
of an open-label, non-randomized phase I part of phase I/II clinical study 
by intradermal route in healthy subjects in India. EClinicalMedicine. 
2021;38:101020.

 38. Mulligan MJ, Lyke KE, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. 
Phase I/II study of COVID-19 RNA vaccine BNT162b1 in adults. Nature. 
2020;586(7830):589–93.

 39. Nasreen S, Chung H, He S, Brown KA, Gubbay JB, Buchan SA, et al. Effec-
tiveness of COVID-19 vaccines against symptomatic SARS-CoV-2 infection 
and severe outcomes with variants of concern in Ontario. Nat Microbiol. 
2022;7(3):379–85.

 40. Pan HX, Liu JK, Huang BY, Li GF, Chang XY, Liu YF, et al. Immunogenic-
ity and safety of a severe acute respiratory syndrome coronavirus 2 
inactivated vaccine in healthy adults: randomized, double-blind, and 
placebo-controlled phase 1 and phase 2 clinical trials. Chin Med J (Engl). 
2021;134(11):1289–98.

 41. Richmond P, Hatchuel L, Dong M, Ma B, Hu B, Smolenov I, et al. Safety 
and immunogenicity of S-Trimer (SCB-2019), a protein subunit vaccine 

https://www.who.int/news/item/10-08-2021-interim-statement-on-dose-sparing-strategies-for-covid-19-vaccines-(fractionated-vaccine-doses)
https://www.who.int/news/item/10-08-2021-interim-statement-on-dose-sparing-strategies-for-covid-19-vaccines-(fractionated-vaccine-doses)
https://www.who.int/news/item/10-08-2021-interim-statement-on-dose-sparing-strategies-for-covid-19-vaccines-(fractionated-vaccine-doses)
https://www.cdc.gov/vaccines/covid-19/clinical-considerations/covid-19-vaccines-us.html#considerations-covid19-vax-booster
https://www.cdc.gov/vaccines/covid-19/clinical-considerations/covid-19-vaccines-us.html#considerations-covid19-vax-booster


Page 11 of 11Yang et al. BMC Medicine          (2022) 20:409  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

candidate for COVID-19 in healthy adults: a phase 1, randomised, double-
blind, placebo-controlled trial. Lancet. 2021;397(10275):682–94.

 42. Sadoff J, Le Gars M, Shukarev G, Heerwegh D, Truyers C, de Groot AM, 
et al. Interim results of a phase 1-2a trial of Ad26.COV2.S Covid-19 vac-
cine. N Engl J Med. 2021;384(19):1824–35.

 43. Sahin U, Muik A, Derhovanessian E, Vogler I, Kranz LM, Vormehr M, et al. 
COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell 
responses. Nature. 2020;586(7830):594–9.

 44. Sheikh A, McMenamin J, Taylor B, Robertson C, Public Health S. the EIIC: 
SARS-CoV-2 Delta VOC in Scotland: demographics, risk of hospital admis-
sion, and vaccine effectiveness. Lancet. 2021;397(10293):2461–2.

 45. Shu YJ, He JF, Pei RJ, He P, Huang ZH, Chen SM, et al. Immunogenicity and 
safety of a recombinant fusion protein vaccine (V-01) against coronavirus 
disease 2019 in healthy adults: a randomized, double-blind, placebo-
controlled, phase II trial. Chin Med J (Engl). 2021;134(16):1967–76.

 46. Sterne JAC, Savovic J, Page MJ, Elbers RG, Blencowe NS, Boutron I, et al. 
RoB 2: a revised tool for assessing risk of bias in randomised trials. BMJ. 
2019;366:l4898.

 47. Tang P, Hasan MR, Chemaitelly H, Yassine HM, Benslimane FM, Al 
Khatib HA, et al. BNT162b2 and mRNA-1273 COVID-19 vaccine 
effectiveness against the SARS-CoV-2 Delta variant in Qatar. Nat Med. 
2021;27(12):2136–43.

 48. Tebas P, Yang S, Boyer JD, Reuschel EL, Patel A, Christensen-Quick A, 
et al. Safety and immunogenicity of INO-4800 DNA vaccine against 
SARS-CoV-2: a preliminary report of an open-label, phase 1 clinical trial. 
EClinicalMedicine. 2021;31:100689.

 49. Tseng HF, Ackerson BK, Luo Y, Sy LS, Talarico CA, Tian Y, et al. Effectiveness 
of mRNA-1273 against SARS-CoV-2 Omicron and Delta variants. Nat Med. 
2022;28(5):1063–71.

 50. Walsh EE, Frenck RW Jr, Falsey AR, Kitchin N, Absalon J, Gurtman A, et al. 
Safety and immunogenicity of two RNA-based Covid-19 vaccine candi-
dates. N Engl J Med. 2020;383(25):2439–50.

 51. Walter EB, Talaat KR, Sabharwal C, Gurtman A, Lockhart S, Paulsen GC, 
et al. Evaluation of the BNT162b2 Covid-19 vaccine in children 5 to 11 
years of Age. N Engl J Med. 2022;386(1):35–46.

 52. Ward BJ, Gobeil P, Seguin A, Atkins J, Boulay I, Charbonneau PY, et al. 
Phase 1 randomized trial of a plant-derived virus-like particle vaccine for 
COVID-19. Nat Med. 2021;27(6):1071–8.

 53. Wu S, Huang J, Zhang Z, Wu J, Zhang J, Hu H, et al. Safety, tolerability, 
and immunogenicity of an aerosolised adenovirus type-5 vector-
based COVID-19 vaccine (Ad5-nCoV) in adults: preliminary report of 
an open-label and randomised phase 1 clinical trial. Lancet Infect Dis. 
2021;21(12):1654–64.

 54. Wu Z, Hu Y, Xu M, Chen Z, Yang W, Jiang Z, et al. Safety, tolerability, and 
immunogenicity of an inactivated SARS-CoV-2 vaccine (CoronaVac) 
in healthy adults aged 60 years and older: a randomised, double-
blind, placebo-controlled, phase 1/2 clinical trial. Lancet Infect Dis. 
2021;21(6):803–12.

 55. Xia S, Duan K, Zhang Y, Zhao D, Zhang H, Xie Z, et al. Effect of an 
inactivated vaccine against SARS-CoV-2 on safety and immunogenic-
ity outcomes: interim analysis of 2 randomized clinical trials. JAMA. 
2020;324(10):951–60.

 56. Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, et al. Safety and immuno-
genicity of an inactivated SARS-CoV-2 vaccine, BBIBP-CorV: a randomised, 
double-blind, placebo-controlled, phase 1/2 trial. Lancet Infect Dis. 
2021;21(1):39–51.

 57. Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, et al. Safety and immu-
nogenicity of an inactivated COVID-19 vaccine, BBIBP-CorV, in people 
younger than 18 years: a randomised, double-blind, controlled, phase 1/2 
trial. Lancet Infect Dis. 2022;22(2):196–208.

 58. Yang S, Li Y, Dai L, Wang J, He P, Li C, et al. Safety and immunogenicity 
of a recombinant tandem-repeat dimeric RBD-based protein subu-
nit vaccine (ZF2001) against COVID-19 in adults: two randomised, 
double-blind, placebo-controlled, phase 1 and 2 trials. Lancet Infect Dis. 
2021;21(8):1107–19.

 59. Zhang J, Hu Z, He J, Liao Y, Li Y, Pei R, et al. Safety and immunogenicity of 
a recombinant interferon-armed RBD dimer vaccine (V-01) for COVID-19 
in healthy adults: a randomized, double-blind, placebo-controlled, Phase 
I trial. Emerg Microbes Infect. 2021;10(1):1589–97.

 60. Zhang Y, Zeng G, Pan H, Li C, Hu Y, Chu K, et al. Safety, tolerability, and 
immunogenicity of an inactivated SARS-CoV-2 vaccine in healthy adults 

aged 18-59 years: a randomised, double-blind, placebo-controlled, phase 
1/2 clinical trial. Lancet Infect Dis. 2021;21(2):181–92.

 61. Zhu F, Jin P, Zhu T, Wang W, Ye H, Pan H, et al. Safety and immunogenicity 
of a recombinant adenovirus type-5-vectored Coronavirus Disease 2019 
(COVID-19) vaccine with a homologous prime-boost regimen in healthy 
participants aged >/=6 years: a randomized, double-blind, placebo-
controlled, phase 2b trial. Clin Infect Dis. 2022;75(1):e783–91.

 62. Zhu FC, Guan XH, Li YH, Huang JY, Jiang T, Hou LH, et al. Immunogenicity 
and safety of a recombinant adenovirus type-5-vectored COVID-19 vac-
cine in healthy adults aged 18 years or older: a randomised, double-blind, 
placebo-controlled, phase 2 trial. Lancet. 2020;396(10249):479–88.

 63. Zhu FC, Li YH, Guan XH, Hou LH, Wang WJ, Li JX, et al. Safety, tolerability, 
and immunogenicity of a recombinant adenovirus type-5 vectored 
COVID-19 vaccine: a dose-escalation, open-label, non-randomised, first-
in-human trial. Lancet. 2020;395(10240):1845–54.

 64. Wan X, Wang W, Liu J, Tong T. Estimating the sample mean and standard 
deviation from the sample size, median, range and/or interquartile range. 
BMC Med Res Methodol. 2014;14:135.

 65. Shinde V, Bhikha S, Hoosain Z, Archary M, Bhorat Q, Fairlie L, et al. Efficacy 
of NVX-CoV2373 Covid-19 Vaccine against the B.1.351 Variant. N Engl J 
Med. 2021;384(20):1899–909.

 66. Padmanabhan P, Desikan R, Dixit NM. Modeling how antibody responses 
may determine the efficacy of COVID-19 vaccines. Nat Comput Sci. 
2022;2(2):123–31.

 67. Du Z, Wang L, Pandey A, Lim WW, Chinazzi M, Piontti APY, et al. Modeling 
comparative cost-effectiveness of SARS-CoV-2 vaccine dose fractionation 
in India. Nat Med. 2022;28(5):934–8.

 68. Nishiura H, Ito K, Anzai A, Kobayashi T, Piantham C, Rodríguez-Morales 
AJ. Relative Reproduction Number of SARS-CoV-2 Omicron (B.1.1.529) 
Compared with Delta Variant in South Africa. J Clin Med. 2021;11(1):30. 
https:// doi. org/ 10. 3390/ jcm11 010030.

 69. Sette A, Crotty S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell. 
2021;184(4):861–80.

 70. Rydyznski Moderbacher C, Ramirez SI, Dan JM, Grifoni A, Hastie KM, 
Weiskopf D, et al. Antigen-specific adaptive immunity to SARS-CoV-2 
in acute COVID-19 and associations with age and disease severity. Cell. 
2020;183(4):996–1012 e1019.

 71. Ward H, Whitaker M, Flower B, Tang SN, Atchison C, Darzi A, et al. Popula-
tion antibody responses following COVID-19 vaccination in 212,102 
individuals. Nat Commun. 2022;13(1):907.

 72. Abu-Raddad LJ, Chemaitelly H, Bertollini R. National Study Group for C-V: 
waning mRNA-1273 vaccine effectiveness against SARS-CoV-2 infection 
in Qatar. N Engl J Med. 2022;386(11):1091–3.

 73. Peng Q, Zhou R, Wang Y, Zhao M, Liu N, Li S, et al. Waning immune 
responses against SARS-CoV-2 variants of concern among vaccinees in 
Hong Kong. EBioMedicine. 2022;77:103904.

 74. Yang B, Huang X, Gao H, Leung NH, Tsang TK, Cowling BJ. byyangyby/
fractional_dose_review: Fractional dose review: Zenodo; 2022. 
https:// doi. org/ 10. 5281/ zenodo. 71520 48.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3390/jcm11010030
https://doi.org/10.5281/zenodo.7152048

	Immunogenicity, efficacy, and safety of SARS-CoV-2 vaccine dose fractionation: a systematic review and meta-analysis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Search strategy and study selection
	Data extraction and processing
	Differences in seroconversion of neutralizing antibodies after fractional and standard dose
	Dose-response relationship of neutralizing antibodies
	Vaccine efficacy predicted from neutralizing antibodies
	T cell responses
	Safety

	Results
	Seroconversion of neutralizing antibodies after fractional doses
	Dose-relationship of neutralizing antibodies and predicted vaccine efficacy
	T cell responses after fractional doses
	Safety profiles after fractional doses

	Discussion
	Conclusions
	Acknowledgements
	References


