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Initial report of decreased SARS-CoV-2 viral load
after inoculation with the BNT162b2 vaccine
Matan Levine-Tiefenbrun 1,6, Idan Yelin 1,6 ✉, Rachel Katz2, Esma Herzel2, Ziv Golan3,
Licita Schreiber3, Tamar Wolf3, Varda Nadler3, Amir Ben-Tov 2,4, Jacob Kuint2,4, Sivan Gazit2,
Tal Patalon2, Gabriel Chodick 2,4 and Roy Kishony 1,5 ✉
Beyond their substantial protection of individual vaccinees,
coronavirus disease 2019 (COVID-19) vaccines might reduce
viral load in breakthrough infection and thereby further suppress onward transmission. In this analysis of a real-world
dataset of positive severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) test results after inoculation with
the BNT162b2 messenger RNA vaccine, we found that the
viral load was substantially reduced for infections occurring
12–37 d after the first dose of vaccine. These reduced viral
loads hint at a potentially lower infectiousness, further contributing to vaccine effect on virus spread.
The recently authorized BNT162b2 Coronavirus Disease
2019 (COVID-19) messenger RNA (mRNA) vaccine is approximately 95% efficient in preventing polymerase chain reaction
(PCR)-confirmed symptomatic disease from 7 d after the second
dose and also provides some early protection starting 12 d after the
first dose1,2. As countries race to vaccinate a substantial portion of
their populations in the coming months, it is hoped that the basic
reproduction number of the virus will decrease. This effect can be
achieved by reducing the number of susceptible people, as well as by
reducing viral load and, thereby, viral shedding of post-vaccination
infections, which might render them less infectious3–7. However, the
effect of vaccination on viral load in COVID-19 post-vaccination
infections is currently unknown8.
As of February 11, 2021, Maccabi Healthcare Services (MHS) in
Israel has vaccinated more than 1 million of its members as part of
a national rapid rollout of the vaccine. MHS member SARS-CoV-2
tests are often carried out in the MHS central laboratory, which
offers the opportunity to track post-vaccination infections. In
this study, we retrospectively collected and analyzed the quantitative reverse transcription PCR (RT–qPCR) test measurements of
three SARS-CoV-2 genes—E, N and RdRp (Allplex 2019-nCoV
assay, Seegene)—from positive post-vaccination tests performed
at the MHS central laboratory between December 21, 2020, and
February 11, 2021 (n = 4,938 patients, study population; Table 1).
The study period was characterized by high and steady rates of positive COVID-19 tests (Extended Data Fig. 1), indicating an ongoing
epidemic wave.
In an analysis of the infection cycle threshold (Ct) over time, we
found that the mean viral load substantially decreased 12 d after
vaccination with the first vaccine dose, coinciding with the known
early onset of vaccine-mediated protection1. When we calculated
the mean Ct for post-vaccination infections identified on each day

Table 1 | Study population
Age group (years)

Total no. of patients

Male

Female

16–19

241

143

98

20–29

425

216

209

30–39

485

277

208

40–49

1,077

513

564

50–59

1,344

708

636

60–69

821

445

376

70–79

422

216

206

80–89

123

53

70

after vaccination, we found that the Ct values of positive samples
collected 12–37 d after vaccination with the first dose (a second
dose having been given on day 21 for all samples taken after day
21) were higher than the Ct values of positive samples taken during
the first 11 d after vaccination for the RdRp gene (Fig. 1) and for the
genes N and E (Extended Data Fig. 2) (P < 10−19 for the three genes,
Mann–Whitney U-test). Differences in mean Ct calculated for these
two time periods ranged from 1.7 ± 0.2 for RdRp to 1.6 ± 0.2 for
gene E and 1.4 ± 0.2 for gene N.
We next compared the Ct values of these post-vaccination infections with Ct values of positive tests of unvaccinated patients. All of
the tests were of MHS members and were carried out at the central
laboratory. Given that viral load could be associated with age and
sex9, we assembled control groups of positive tests in unvaccinated
patients with matching age group, sex and sampling date range
(Methods). Comparing the post-vaccination positive tests from
days 1–11 (n = 3,050) with their corresponding demographically
and calendrically matched control group of the same size, we found
no significant difference in the distribution of Ct values for RdRp
(Fig. 2a and Extended Data Fig. 4a) or for genes N and E (Extended
Data Figs. 3a and 4a). However, in a comparison of the Ct distribution for infections from days 12–37 after vaccination (n = 1,888)
with that of demographically matched unvaccinated control group
infections (n = 1,888), we identified a significant increase in Ct
in vaccinated individuals (Fig. 2b for RdRp and Extended Data
Fig. 3b for genes N and E; Mann–Whitney U-test, P < 10−10 for all
three genes; Extended Data Fig. 4b,c). Finally, applied on all of the
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Fig. 1 | Decreased SARS-CoV-2 viral load after 12 d post-vaccination. Mean Ct values of the RdRp gene for positive tests after vaccination are plotted by
the post-vaccination day in which the sample was taken. The dashed line on day 21 indicates inoculation with the second dose. The number of positive
test results for each day is indicated below (in total, n = 4,938). Black error bars and green or magenta shading indicate the standard error of the mean. For
days 29–37, each dot represents the mean of three consecutive days. For genes E and N, see Extended Data Fig. 2.

infections (post-vaccination and matched unvaccinated, n = 9,876),
a multivariable linear regression model accounting for age, sex and
vaccination found Ct regression coefficients ranging from 1.51
(N gene) to 1.76 (RdRp) for vaccination 12–21 d before infection
sampling and even higher coefficients ranging from 1.90 (N gene)
to 2.16 (RdRp) for vaccination 22–37 d before infection sampling
(Fig. 2c for RdRp and Extended Data Fig. 5 for N and E genes;
similar coefficients for independent models for each time bin are
shown in Extended Data Fig. 6). Given that a difference of 1 Ct unit
is approximately equivalent to a factor of 2 in the number of viral
particles per sample, these Ct differences represent a decrease of
2.8–4.5-fold in viral load in vaccinated individuals.
Viral load has been shown to be associated with COVID-19
symptomatic disease as well as with time since infection9–12. To alleviate potential biases toward asymptomatic and/or long-term infections or persistent shedding in vaccinated participants, we repeated
the multivariable linear regression analysis and restricted it to
patients for whom a referral for COVID-19 testing was recorded
(n = 783 vaccinees and the same number of demographically
matched unvaccinated controls). For the linear regression model,
these referrals were categorized into those indicating COVID-19
symptoms versus other causes for the test, mostly epidemiological contact tracing (0 and 1, asymptomatic and symptomatic). We
found that symptomatic disease was indeed correlated with lower
Ct values and that, when we adjusted for symptomatic infections,
the association of vaccination with Ct remained (albeit with lower
significance due to the reduced sample size of referral-based tests;
Extended Data Fig. 7).
The results show that infections occurring 12 d or longer after
vaccination have significantly reduced viral loads at the time of testing, potentially affecting viral shedding and contagiousness as well
as the severity of the disease13. This report is based on an observational study, not a randomized controlled trial, and has several associated limitations. First, the group of vaccinees might differ from
the demographically matched control group in ways that could
affect the observed viral load, such as behavior, tendency to get

tested and general health status. Second, the different viral variants,
which could be associated with different viral loads, might affect
different parts of the population. Third, by including only the first
positive test for each patient, we attempted to minimize the effect of
long-term, low-viral-load infections, but it is still possible that the
association we observed, especially in the early post-vaccination
days, reflects infections lasting from pre-immunization transmission events9–12. The average viral load might, therefore, continue to
change in longer post-vaccination times, when infections are more
strongly enriched for post-immunization transmissions, or due
to change in vaccinee behavior, especially upon obtaining a vaccination certificate. Fourth, given that vaccines prevent symptomatic disease, post-vaccination tests might be enriched for cases of
asymptomatic carriage characterized by lower viral load, although
we note that the association of vaccination with low viral load
remains even when adjusting for symptomatic disease (Extended
Data Fig. 7). Finally, the oro-nasopharyngeal test does not distinguish the viral load in the nose from the one in the oral cavity and
does not account for virus viability, which would be a better measure of potential infectiousness. Moreover, the infectious dose of
SARS-CoV-2 in humans is presently unknown. The accumulation
of wider and longer-term datasets, including contact tracing data
as well as virus viability and genomics, will allow better quantification of the vaccine effect on infectiousness and its dependence
on viral variants and vaccinee behavior. Nevertheless, at least for
the conditions tested here, the lower viral loads that we observed
could help fine-tune epidemiological models of vaccine effect on
the spread of the virus.
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Fig. 2 | Comparison of SARS-CoV-2 viral loads among vaccinated and unvaccinated patients. a, b, The distribution of Ct values of the RdRp gene as
determined for positive samples taken 1–11 d after vaccination (a, n = 3,050, blue) and 12–37 d after vaccination (b, n = 1,888, blue) with their respective
demographically matched control groups (orange, ***P < 10−17, two-sided Mann–Whitney U-test). For genes E and N, see Extended Data Fig. 3.
c, Coefficient for the association of Ct of the RdRp gene with vaccination at different vaccination-to-sample time bins in comparison to unvaccinated
patients as identified in a single multivariable linear regression analysis accounting for age and sex (Methods; n = 9,876). Error bars represent 1 s.d.
*P < 0.05, **P < 0.01 and ***P < 0.001. For genes E and N, see Extended Data Fig. 5a,b.
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Methods

Data collection. Anonymized SARS-CoV-2 RT–qPCR Ct values were retrieved
for all of the positive post-vaccination samples taken between December 21, 2020
(1 d after the first vaccine was administered) and February 11, 2021, and tested at
the MHS central laboratory. Vaccination dates were retrieved from the centralized
database of MHS. Patients were excluded if they had a positive sample before
vaccination; if they had a positive sample more than 21 d after the first dose of the
vaccine but did not receive the second dose on day 21; or if they were over the age
of 90 years (28 patients older than 90 were not included because it was not possible
to match them with unvaccinated controls). For patients with multiple positive
post-vaccination tests, only the first test was included. For each test, Ct values
for E gene, RdRp gene, N gene and the internal control were determined using
Seegene proprietary software for the Allplex 2019-nCoV assay after the standard
oro-nasopharyngeal swab specimen collection procedure. The same machine model,
the Bio-Rad CFX96 Real-Time PCR Detection System, was used for all of the tests.
Unvaccinated patient control group. As a control group, for each post-vaccination
SARS-CoV-2-positive patient, we used an algorithm to randomly choose an
unvaccinated positive patient with similar characteristics (same sex and same
age (in bins of 10 years)) and a similar date of first positive sample to account
for possible calendric trends associated with the national state of the pandemic
(nominally up to a 10-d difference, with this difference extended for 168 patients
for whom we could not find matching unvaccinated controls) (Table 1).
Statistics. Linear regression. For each viral gene, we calculated the linear regression of
Ct values as a function of sex (0/1, female/male) and age (linear, in years). Adding a
quadratic age term was also tested, giving very similar results. Time after vaccination
(one-hot encoded binary vector for time bins 1–11 d, 12–21 d and 22–37 d;
unvaccinated were encoded as all-zero vectors). In an additional multivariable linear
regression model, referral for COVID-19 test indicating symptoms was also included
(0/1, asymptomatic/symptomatic). For this latter model, only patients for whom
the positive test was by referral issued during the four previous days were included.
Models were implemented using Python’s statsmodels library, version 0.9.0.
Ethics committee approval. The study protocol was approved by the ethics
committee of Maccabi Healthcare Services in Tel-Aviv, Israel (institutional review
board (IRB) no. 0066-20-MHS). The IRB includes an exemption from informed
consent.
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Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Extended Data Fig. 1 | Weekly positive COVID-19 tests in Israel. Total number of positive COVID-19 tests per week starting on March 15th 2020 and
updated till February 11th 2021. Data retrieved from Israel Ministry of Health website.
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Extended Data Fig. 2 | Decreased SARS-CoV-2 viral load after 12 days post-vaccination. Mean Ct values of the N and E genes for positive tests following
vaccination are plotted by the day the sample was taken (n = 4,938). Error bars indicate the standard error of the mean. For days 29-37 each dot
represents the mean of 3 consecutive days. a, N gene. b, E gene. For RdRp gene see Fig. 1.
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Extended Data Fig. 3 | Comparison of SARS-CoV-2 viral loads among patients vaccinated prior to positive sample and unvaccinated patients. The
distribution of Ct values of viral genes as determined for positive samples taken either 1-11 days post-vaccination (n = 3,050, blue, top panels) or 12-37
days post vaccination (n = 1,888, blue, bottom panels) with their respective demographically-matched control groups (orange, *** - P-value < 10−10,
two-sided Mann-Whitney U test). a, 1-11 days post-vaccination. b, 12-37 days post-vaccination. For RdRp gene see Fig. 2a,b.
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Extended Data Fig. 4 | SARS-CoV-2 viral load distribution for vaccinated and unvaccinated patients. The distribution of Ct values of viral genes as
determined for positive samples taken a, 1-11 days post-vaccination with standard deviation of 5.27 ± 0.07, 5.27 ± 0.07 and 5.19 ± 0.07 (n = 3,050), b, 12-21
days post-vaccination with standard deviation of 5.39 ± 0.10, 5.39 ± 0.10 and 5.33 ± 0.10 (n = 1,486) and c, 22-37 days post-vaccination with standard
deviation of 5.38 ± 0.19, 5.47 ± 0.19 and 5.37 ± 0.19 (n = 402) for RdRp, N and E genes respectively.
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Extended Data Fig. 5 | Viral load is negatively associated with vaccination starting 12 days post-vaccination. The coefficient for the association of Ct of
viral genes with time of vaccination in comparison to unvaccinated patients as identified in a single multivariable linear regression analysis accounting for
age and sex (Methods,n = 9,876). Error bars represent one standard deviation. * - P-value < 0.05, ** - P-value < 0.01, *** - P-value < 0.001. a, N gene, b, E
gene. For RdRp gene see Fig. 2c.
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Extended Data Fig. 6 | Viral load is associated with vaccination also when applying an independent model for each time bin. The coefficient for the
association of Ct of viral genes with time of vaccination in comparison to unvaccinated patients as identified in multivariable linear regression analyses
accounting for age and sex for each time bin independently (Methods, n = 9,876). Error bars represent one standard deviation. * - P-value < 0.05, ** P-value < 0.01, *** - P-value < 0.001. a, RdRp, b, N gene, c, E gene.
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Extended Data Fig. 7 | Viral load is associated with vaccination when also accounting for symptomatic infections. The coefficient for the association
of Ct of viral genes with time of vaccination in comparison to unvaccinated patients as identified in a single multivariable linear regression analysis
accounting for age, sex and referral by symptoms for both vaccinated (symptomatic, n = 523; asymptomatic, n = 260) and unvaccinated (symptomatic,
n = 534; asymptomatic, n = 249) patients (Methods). Error bars represent one standard deviation. * - P-value < 0.05, ** - P-value < 0.01, *** - P-value <
0.001. a, RdRp, b, N gene, c, E gene.
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