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BACKGROUND

Despite high vaccine coverage and e�ectiveness, the incidence of symptomatic infection with severe acute
respiratory syndrome coronavirus � (SARS-CoV-�) has been increasing in Israel. Whether the increasing
incidence of infection is due to waning immunity a�er the receipt of two doses of the BNT���b� vaccine is
unclear.
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METHODS

We conducted a �-month longitudinal prospective study involving vaccinated health care workers who were
tested monthly for the presence of anti-spike IgG and neutralizing antibodies. Linear mixed models were
used to assess the dynamics of antibody levels and to determine predictors of antibody levels at � months.

RESULTS

The study included ���� participants, with ���� being included in the linear mixed-model analyses. The
level of IgG antibodies decreased at a consistent rate, whereas the neutralizing antibody level decreased
rapidly for the �rst � months with a relatively slow decrease therea�er. Although IgG antibody levels were
highly correlated with neutralizing antibody titers (Spearman’s rank correlation between �.�� and �.��), the
regression relationship between the IgG and neutralizing antibody levels depended on the time since
receipt of the second vaccine dose. Six months a�er receipt of the second dose, neutralizing antibody titers
were substantially lower among men than among women (ratio of means, �.��; ��% con�dence interval
[CI], �.�� to �.��), lower among persons �� years of age or older than among those �� to less than �� years
of age (ratio of means, �.��; ��% CI, �.�� to �.��), and lower among participants with immunosuppression
than among those without immunosuppression (ratio of means, �.��; ��% CI, �.�� to �.��).

CONCLUSIONS

Six months a�er receipt of the second dose of the BNT���b� vaccine, humoral response was substantially
decreased, especially among men, among persons �� years of age or older, and among persons with
immunosuppression.

Introduction

A � ��� ������� �� �������� ������� ������ ����� ����������� ��������
coronavirus � (SARS-CoV-�)  is expanding worldwide, data on the durability of protection are
limited. A randomized, controlled trial and real-world studies have shown vaccine e�cacy of ��

to ��% with the BNT���b� vaccine (P�zer–BioNTech) and vaccine e�ectiveness in preventing symptomatic
coronavirus disease ���� (Covid-��) � days or more a�er receipt of the second dose of vaccine.  Real-
world e�ectiveness and immunogenicity data describing the antibody kinetics over time a�er vaccination
are beginning to appear, but a complete picture of the duration of immunity is not yet available. We recently
reported that breakthrough infection in BNT���b�-vaccinated persons was correlated with neutralizing
antibody titers.  However, a threshold titer that can predict breakthrough infection has not been de�ned.

The BNT���b� vaccine elicits high IgG and neutralizing antibody responses � to �� days a�er receipt of the
second dose. Lower antibody levels have been shown to develop in older persons, men, and persons with an
immunosuppressed condition, which suggests that antibody titers in these populations may decrease
earlier than in other populations.  A decrease in anti-spike (S) antibody levels by a factor of two was
observed from the peak (at �� to �� days) to �� days a�er receipt of the second dose of the BNT���b�
vaccine among ��� vaccinated persons.  Here, we report the results of a large-scale, real-world, longitudinal
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study involving health care workers that was conducted to assess the kinetics of immune response among
persons with di�erent demographic characteristics and coexisting conditions throughout the �-month
period a�er receipt of the second dose of the BNT���b� vaccine.

Methods

STUDY DESIGN AND POPULATION

We conducted this prospective longitudinal cohort study involving health care workers at Sheba Medical
Center, a large tertiary medical center in Israel that includes ���� beds and ��,��� health care workers,
including employees, students, volunteers, and retired personnel. The distribution of the health care
workers at Sheba Medical Center is as follows: ��% are physicians, ��% are nurses or nurse aids, ��% are
paramedical personnel, and ��% are administrative or logistic employees. The study protocol was approved
by the institutional review board at Sheba Medical Center.

All the participants were health care workers who had been invited to participate in the study and provide
peripheral-blood samples for serologic assays before receipt of the �rst vaccine dose and then monthly
(every �� days, within a window of ±�� days) for � months a�er receipt of the second vaccine dose. Written
informed consent was obtained from all study participants.

Eligibility criteria included an age of �� years or older, no SARS-CoV-� infection before receipt of the �rst
vaccine dose (determined on the basis of either a negative anti–SARS-CoV-� IgG test or the absence of a
positive polymerase-chain-reaction [PCR] assay result for SARS-CoV-�, with no history of suspected clinical
SARS-CoV-� infection), and at least one serologic assay result a�er receipt of the second dose of vaccine.
Data on PCR testing are provided in Supplementary Methods Section S� in the Supplementary Appendix,
available with the full text of this article at NEJM.org. The end of the study for any participant was de�ned as
��� days a�er receipt of the second vaccine dose, a positive SARS-CoV-� PCR or antinucleocapsid (anti-N)
antibody result, or loss to follow-up.

All the health care workers at Sheba Medical Center were required to report a daily health status on arrival at
the hospital. If any Covid-��–associated symptom or exposure to a SARS-CoV-�–infected person at work, at
home, or in the community was reported, a PCR test for SARS-CoV-� was required.  In addition, monthly
serologic follow-up was conducted during the study period. Participants with a substantial increase in IgG
antibody levels or neutralizing antibody titers (≥� times) between consecutive tests were tested for anti-N
antibody to rule out a Covid-�� breakthrough infection and, if positive, were withdrawn from the study.

Participants were noti�ed of their personal test results. Participants whose IgG and neutralizing antibody
titers decreased to below the test cuto� level tended not to return for follow-up visits. These and other
missing outcomes were accommodated through the linear mixed model that was used in the analysis
(described below).
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STUDY DESIGN OF SEROLOGIC  ASSAYS

Antibodies were tested during the baseline period (de�ned as days � through �� a�er receipt of the second
vaccine dose) and every � weeks therea�er: during days �� through �� (period �), days �� through �� (period
�), days �� through �� (period �), days �� through ��� (period �), days ��� through ��� (period �), and days
��� through ��� (period �). Because we could not perform neutralizing antibody assays in all study
participants, we selected a subgroup that included higher proportions of persons with risk factors of
interest, such as an age of �� years or older and coexisting conditions. Criteria for the selection of
participants for the neutralizing antibody subgroup are listed in Supplementary Methods Section S�. The
peak period was de�ned as the interval of time with the highest titers a�er receipt of the second dose.

A correlation between neutralizing antibody titers and infectivity was recently reported  and suggested that
although the speci�c threshold titer that can predict breakthrough infection is still unde�ned, neutralizing
antibodies may be used as a correlate of protection. We therefore assessed the probability of having a titer
below the cuto� for diagnostic positivity on the neutralizing antibody test (i.e., ��), as well as four titrations
above it: ��, ��, ���, and ���. We assessed titers of IgG and neutralizing antibody at two primary time
points: the peak period (as de�ned above) and the end of study (at ��� days).

Data on age and sex were available for all study participants. A computer-based questionnaire about
demographic characteristics and coexisting conditions was sent electronically to all study participants. The
questionnaire and de�nitions of the study variables are provided in Tables S� and S�. Participants who did
not respond to the questionnaire were not included in the mixed-model analysis.

SEROLOGIC  ASSAYS

Samples from vaccinated participants were tested for antibodies against SARS-CoV-� receptor-binding
domain with the Access SARS-CoV-� IgG assay (Beckman Coulter).  Anti-N antibodies were tested with
the Platelia SARS-CoV-� Total Ab Assay (Bio-Rad) according to manufacturer instructions. The SARS-CoV-�
pseudovirus neutralization assay was performed as described previously  with the use of a green �uorescent
protein reporter–based pseudotyped virus with a vesicular stomatitis virus backbone coated with SARS-
CoV-� S protein. The lower level of diagnostic detection for IgG is �.��, and the lower level that is
considered neutralizing is ��. Additional information about antibody testing is provided in Supplementary
Methods Section S�.

STATISTICAL  ANALYSIS

We used linear mixed models to examine the IgG and neutralizing antibody kinetics over the �-month
period a�er receipt of the second vaccine dose and to associate these changes with the demographic
characteristics and coexisting conditions of the participants. The dependent variable was either the IgG or
neutralizing antibody level, which was log-transformed. Fixed-e�ect covariates included sex, age group (��
to �� years, �� to �� years, or ≥�� years), and age-by-sex interaction. Time was modeled as a constant up to
�� days a�er receipt of the second dose and as a linear trend therea�er. For neutralizing antibody levels, the
slope of the linear trend was allowed to change at day �� a�er receipt of the second dose. Interactions of the
initial time slope (from day �� onward) with age group and sex were also included. In addition to this basic
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model, body-mass index (BMI; the weight in kilograms divided by the square of the height in meters) and
coexisting conditions were added so that we could examine their relationships to antibody kinetics, and
interactions of time with each of these covariates were retained in the model only if they were signi�cant at
the �% level a�er Bonferroni adjustment for multiple comparisons. Individual participant level and time
trend were included as random e�ects. Missing data regarding IgG or neutralizing antibody levels were
accommodated within these models under the “missing at random” assumption. Participants with missing
values for the covariates were excluded from the analysis. Additional details regarding the mixed-models
analysis are provided in Supplementary Methods Sections S� and S�.

The estimated e�ects of covariates are presented as ratios of means with ��% con�dence intervals on the
original scale of the IgG and neutralizing antibodies. A two-sided P value of less than �.�� was considered
to indicate statistical signi�cance. On the basis of each �tted model, the estimated probability of having a
titer below the speci�ed di�erent neutralizing antibody titers at � months a�er receipt of the second dose
(with the ��% con�dence interval) was calculated for di�erent participant pro�les by means of computer
simulation.

Scatter plots of log-transformed IgG and neutralizing antibody levels and the distributions of log-
transformed IgG and neutralizing antibody levels according to time since the receipt of the second dose
were created with the use of GraphPad Prism so�ware, version �.� (GraphPad So�ware). Correlations
between IgG and neutralizing antibody levels for each period were assessed by Spearman’s rank correlation.
Statistical analysis was performed with the use of SAS so�ware, version �.� (SAS Institute), and the linear
mixed-models analyses were performed with the use of R so�ware, version �.�.� (R Foundation for
Statistical Computing).

Results

STUDY POPULATION AND SEROLOGIC  ASSAYS

Figure �.

Recruitment of Participants, Testing, and Follow-up.
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The study was conducted from December ��, ����, to July �, ����. Of the ��,��� vaccinated health care
workers who were eligible for the study, ���� were recruited for study participation (Figure �). During the
study period, �� participants had a breakthrough SARS-CoV-� infection (de�ned as a positive PCR result for
SARS-CoV-�), and � had a positive anti-N result. A total of ��,��� IgG assays and ���� neutralizing antibody
assays were performed. The numbers of persons with repeated IgG tests and neutralizing antibody assays
are shown in Figure �. IgG levels were evaluated at least once for all study participants during the � months
of follow-up and at least twice for ���� participants (��.�%). The neutralizing antibody subgroup included
���� participants (��.�%) who underwent at least one neutralizing antibody test; ��� of these participants
(��.�%) were tested at least twice. Data on age and sex were available for all study participants. Overall,
���� participants (��.�%) responded to the computer-based questionnaire and were included in the mixed-
model analysis.

The demographic characteristics and data on coexisting conditions in the study participants are provided in
Table S�, in both the overall population and the neutralizing antibody subgroup. The mean (±SD) age of the
participants was ��.�±��.� years in the overall population and ��.�±��.� years in the neutralizing antibody
subgroup. The distributions of the demographic characteristics and coexisting conditions among the
participants according to study period and IgG and neutralizing antibody assays are provided in Tables S�
and S�.

SARS-COV-�  ANTIBODY KINETICS  AFTER RECEIPT  OF  SECOND VACCINE DOSE

Antibody response and kinetics were assessed for � months a�er receipt of the second vaccine dose (Figure
�A and �B and S� and Table S�). The highest titers a�er the receipt of the second vaccine dose (peak) were
observed during days � through ��, so this was de�ned as the peak period. The expected geometric mean
titer (GMT) for IgG for the peak period, expressed as a sample-to-cuto� ratio, was ��.� (��% con�dence
interval [CI], ��.� to ��.�). A substantial reduction in the IgG level each month, which culminated in a

Figure �.

Distribution of Antibodies � Months after Receipt of Second Dose of the BNT���b� Vaccine.
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decrease by a factor of ��.� a�er � months, was observed. Neutralizing antibody titers also decreased
signi�cantly, with a decrease by a factor of �.� from the peak to the end of study period �, but the decrease
from the start of period � onward was much slower, with an overall decrease by a factor of �.� during
periods � through �. The GMT of neutralizing antibody, expressed as a ��% neutralization titer, was ���.�
(��% CI, ���.� to ���.�) in the peak period and decreased to ���.� (��% CI, ���.� to ���.�) in period �.

DIFFERENTIAL  DECAY ACCORDING TO AGE AND SEX

IgG and neutralizing antibody kinetics showed di�erences in immunogenicity according to age group and
sex (Figure �C through �F). The rate of IgG decay in all subgroups de�ned according to age and sex was
constant throughout the �-month period, whereas neutralization was substantially reduced up to period �,
followed by a slower decrease therea�er. Participants �� years of age or older had lower IgG and
neutralizing antibody levels than persons �� to less than �� years of age during the peak period and also had
a greater decrease, up to approximately � months (end of period �), in the neutralizing antibody titer
(Figure �C and �D, and see Supplementary Results Sections S� and S�).

PREDICTORS OF PEAK AND END-OF-STUDY ANTIBODY T ITERS

In the peak and end-of-study periods, signi�cantly lower IgG titers were associated with older age, male
sex, the presence of two or more coexisting conditions (i.e., hypertension, diabetes, dyslipidemia, or heart,
lung, kidney, or liver disease), the presence of autoimmune disease, and the presence of
immunosuppression. Signi�cantly lower neutralizing antibody titers were associated with older age, male
sex, and the presence of immunosuppression in both periods, and signi�cantly higher neutralizing
antibody titers were associated with a BMI of �� or higher (obesity) as compared with a BMI of less than ��
in both study periods. Our results show that although the IgG and neutralizing antibody titers were
signi�cantly lower in participants with two or more speci�c coexisting conditions than in those with no
speci�c coexisting condition during the peak period, no signi�cant di�erences in neutralizing antibody
titers were observed at the end of study. In addition, participants with autoimmune disease had a
signi�cantly lower IgG titer but not neutralizing antibody titer during both the peak and end-of-study
periods than did those without autoimmune disease. An age-by-sex interaction was found; the di�erence by
which the titers in men �� years of age or older were lower than the titers in men younger than �� years of
age was larger than the di�erence between the corresponding female groups.

Table �.
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At the end of study, the mixed-model analysis showed decreases in IgG and neutralizing antibody
concentrations of ��% and ��%, respectively, among persons �� years of age or older as compared with
participants �� to less than �� years of age and of ��% and ��%, respectively, among men �� years of age or
older as compared with women in the same age group (Table �). Participants with immunosuppression had
decreases in the IgG and neutralizing antibody concentrations of ��% and ��%, respectively, as compared
with participants without immunosuppression. Obese participants (those with a BMI of ≥��) had a ��%
increase in neutralizing antibody concentrations as compared with nonobese participants (Table �).

For IgG levels, the correlation between individual participants’ peak levels and their slopes of the decrease
was positive but weak (�.��; ��% CI, �.�� to �.��); the rates of decay were not strongly related to initial
levels. However, for neutralizing antibody, the correlation was strongly negative (−�.��; ��% CI, −�.�� to
−�.��). A�er adjustment for other factors, participants with a higher initial level tended to have a decrease
that was faster up to approximately �� days a�er receipt of the second dose. Beyond that time, rates of decay
were modest and did not vary much among participants.

We used the mixed model to predict the probability in di�erent subgroups of reaching a neutralizing
antibody titer lower than the test cuto� for diagnostic positivity (i.e., <��) by � months a�er receipt of the

Mixed-Model Analysis of Variables Associated with IgG and Neutralizing Antibody Titers after Receipt of the Second

Vaccine Dose.

Table �.

Probability of Having a Titer below Di�erent Neutralizing Antibody Titers at ��� Days after Receipt of the Second

Vaccine Dose, According to Sex and Age.THIS  S ITE  USES  COOKIES  to personalize content, to measure website and advertising

performance, and to present relevant advertising.

By continuing to use our site, you accept the use of these cookies. To learn more, please visit our Cookie
Information page.

https://www.nejmgroup.org/legal/cookie-information.htm


2/15/23, 3:23 PM Waning Immune Humoral Response to BNT162b2 Covid-19 Vaccine over 6 Months | NEJM

https://www.nejm.org/doi/full/10.1056/NEJMoa2114583?query=featured_home 9/16

second dose. We also used the model to predict the probability of a decrease to below di�erent neutralizing
antibody titers (<��, <��, <���, or <���) (Table �). Among healthy women and men in the three age groups
(�� to <�� years, �� to <�� years, and ≥�� years of age), the probability of having a neutralizing antibody titer
of less than ��� at ��� days a�er receipt of the second dose were as follows: �.��, �.��, and �.��,
respectively, among women and �.��, �.��, and �.��, respectively, among men. The probability of having a
neutralizing antibody titer of less than �� in these three age groups (�� to <�� years, �� to <�� years, and ≥��
years of age) were as follows: �.��, �.��, and �.��, respectively, among women and �.��, �.��, and �.��,
respectively, among men. Overall (regardless of sex and age group), obese participants were at lower risk for
having lower neutralizing antibody titers than nonobese participants. Participants with
immunosuppression were more likely than healthy participants to have a below-average neutralizing
antibody titer (Table �).

CORRELATION BETWEEN IGG AND NEUTRALIZING ANTIBODY LEVELS

We assessed the correlation between IgG and neutralizing antibody levels. Although a strong correlation
between IgG and neutralizing antibody titers was maintained throughout the � months a�er receipt of the
second dose of vaccine (Spearman’s rank correlation between �.�� and �.��) (Fig. S�), the regression
relationship between the IgG and neutralizing antibody levels depended on the time since the second dose
of vaccine, a �nding that was probably due to the di�erent kinetics between IgG and neutralizing antibody
levels (Figure �).

Discussion

In this prospective longitudinal study, we found a signi�cant waning of humoral responses within � months
a�er receipt of the second dose of BNT���b� vaccine in a large cohort of ���� participants. We observed a
continuous decrease in anti-S IgG titers at a relative stable rate within � months. The decrease in
neutralizing antibody titers was brisk initially, in the period of up to �� to �� days, but slowed therea�er.
Antibody titers were associated with age, sex, and coexisting conditions. Particularly vulnerable populations
with lower neutralizing titers were older men and participants with immunosuppression.

Published work about many vaccines, such as those against measles, mumps, and rubella, has shown a
small decrease each year of � to ��% in the neutralizing antibody levels.  We found that a signi�cant and
rapid decrease in humoral response to the BNT���b� vaccine was observed within months a�er
vaccination.

Neutralizing antibodies have been shown to correlate with protection.  Yet, neutralizing assays are
complex and time-consuming. Thus, the correlation between anti-S IgG and neutralizing antibody levels
reported here are useful. Although we found a consistently strong correlation, the regression relationship
between IgG and neutralizing antibody was dependent on time. Thus, relating IgG levels to neutralizing
ability depends on time since the second dose.
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Using a mixed model, we analyzed the association of age, sex, and coexisting conditions with
immunogenicity, both at the peak and at � months a�er receipt of the second dose. We found that antibody
levels in both periods were higher in women than in men and decreased with age, as has been previously
shown for the �rst month a�er receipt of the second dose.  Similar to the �ndings in other reports,  a
signi�cantly lower antibody response was found consistently through the observation period among
participants with immunosuppression, who had neutralizing antibody titers that were lower by a factor of �
than those among participants without immunosuppression.

Obese persons (BMI, ≥��) had a signi�cantly higher neutralizing antibody titer during long-term follow-up
than nonobese participants. Obesity is associated with severe Covid-��,  and disease severity is associated
with a higher Covid-�� humoral immune response. A recent study showed that SARS-CoV-� neutralizing
antibodies are positively associated with BMI.  Yet, it is still unclear whether vaccinated obese persons are
at higher or lower risk for breakthrough infection and whether the relatively high humoral response to the
vaccine is protective.

Several studies on the durability of humoral response in persons who have recovered from SARS-CoV-�
infection showed that both IgG and neutralizing antibody levels decrease only modestly at � to �� months
a�er the infection.  This striking di�erence in antibody kinetics between convalescent persons and
vaccinated persons may be the reason for the substantially lower incidence of breakthrough infection
among previously infected persons than among vaccinated persons.  Overall, the accumulating evidence
from our study and others  shows that long-term humoral response and vaccine e�ectiveness in
previously infected persons were superior to that in recipients of two doses of vaccine.

Our study was conducted in a cohort of health care workers, who were mostly healthy persons and therefore
may not represent the general population. To overcome this limitation, although IgG tests were performed
in the entire study population, neutralizing antibody tests were performed in a subgroup that included
higher proportions of older persons or of persons with coexisting conditions in order to better represent
the general population.

Our data provide important insights into the longitudinal dynamics of the immune response to BNT���b�
vaccination. As this pandemic continues to evolve, the importance of determining immune correlates of
protection a�er vaccination becomes clearer. Strategies to prolong host immunity need to be evaluated in
order to protect the population against SARS-CoV-� and its variants.
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