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Abstract Background: Understanding the neutralizing antibody (NAb) titer against COVID-19
over time is important to provide information for vaccine implementation. The longitudinal
NAb titer over one year after SARS-CoV-2 infection is still unclear. The purposes of this study
are to evaluate the duration of the neutralizing NAb titers in COVID-19 convalescents and fac-
tors associated with the titer positive duration.
Methods: A cohort study followed COVID-19 individuals diagnosed between 2020 and 2021 May
15th from the COVID-19 database from the Taiwan Centers for Disease Control. We analyzed
NAb titers from convalescent SARS-CoV-2 individuals. We used generalized estimating equa-
tions (GEE) and a Cox regression model to summarize the factors associated with NAb titers
against COVID-19 decaying in the vaccine-free population.
Results: A total of 203 convalescent subjects with 297 analytic samples were followed for a
period of up to 588 days. Our study suggests that convalescent COVID-19 in individuals after
more than a year and four months pertains to only 25% of positive titers. The GEE model indi-
cates that longer follow-up duration was associated with a significantly lower NAb titer. The
Cox regression model indicated the disease severity with advanced condition was associated
with maintaining NAb titers (adjusted hazard ratio: 2.01, 95% CI: 1.11e3.63) and that smoking
was also associated with higher risk of negative NAb titers (adjusted hazard ratio: 0.55, 95% CI:
0.33e0.92).
Conclusions: Neutralizing antibody titers diminished after more than a year. The antibody titer
response against SARS-CoV-2 in naturally convalescent individuals provides a reference for vac-
cinations.
Copyright ª 2023, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

The COVID-19 pandemic, a global health threat, has
created an unprecedented, multidimensional crisis
worldwide.1 Neutralizing antibodies (NAbs) in viral in-
fections play a key role in reducing viral replication and
increasing viral clearance.2e5 According to previous
studies, the level of serum NAbs have been correlated with
immune protection against SARS-CoV-2 6. Understanding
the longitudinal dynamics of the NAbs to SARS-CoV-2 is
important since it could provide information about pro-
tective immunity over time to guide policies for clinical
preparedness and vaccine implementation.7

Past studies which showed that the follow-up period
after infection was 4e6 months of convalescence suggested
that the duration of NAbs is likely to be more than 6 months
due to the slower trend of decreasing antibody
titers.8e10 Later, several studies reported that most in-
dividuals had detectable IgG antibodies against the
receptor-binding domain or surrogate NAbs nearly one year
after infection.11,12 A study in Hong Kong showed that NAbs
in 73% of serum samples were detectable at days 201e386
507
with a cutoff of 30% inhibition by the surrogate neutrali-
zation test.13 A study in the USA also showed that anti-
SARS-CoV-2 spike antibodies remained detectable for at
least 11 months after infection and found that SARS-CoV-2
infection induced long-lived bone marrow plasma cells 8
months after infection in convalescent individuals who
experienced mild SARS-CoV-2 infection.14 These studies
showed that the follow-up period after infection was more
than half a year of convalescence and rarely measured the
neutralizing antibody titers in convalescent COVID-19 in-
dividuals. One study pointed out that different SARS-CoV-2
serological assays and the predictive ability of serum
neutralization titers deteriorated with time.15 Therefore, a
longer duration of NAbs in convalescent persons after
infection has not yet been well established.4,16 Here, we
have a cohort study of 203 confirmed patients who are
being longitudinally followed up for a longer period, up to
588 days after confirmation of infection, with 297 serum
samples. This study aimed to explore the following: (1) the
association between NAb levels and time after COVID-19
and (2) the factors associated with neutralizing antibody
decay over time.
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Methods

Study design and participants

We conducted a cohort study of convalescent individuals
who recovered from COVID-19 in Taiwan. The Taiwan Cen-
ters for Disease Control (TCDC) listed COVID-19 as a noti-
fiable disease on January 15, 2020 and asked all reported
patients to be hospitalized until SARS-CoV-2 RTePCR
negative before May 2021. The remaining SARS-CoV-2
serum samples collected during the period of hospitaliza-
tion due to COVID-19 were sent to the TCDC. In the study,
participants who were over 20 years of age with prior
RTePCR-diagnosed COVID-19 and were reported to the
TCDC between January 2020 and May 15th, 2021 were
recruited. We contacted convalescent individuals between
April and July 2021. When convalescent individuals agreed
to allow us to use their initial serum samples collected in
the acute infection stage and prospectively collected
convalescent serum samples from the follow-up periods,
they gave informed consent. The study was approved by the
Institutional Review Board Committee of the National Yang
Ming Chiao Tung University (IRB number YM110042E), Na-
tional Yang Ming Chiao Tung University Hospital (IRB number
2021D002), and Taoyuan General Hospital, Ministry of
Health & Welfare (IRB number TYG110026).

Outcome and variable definition

The variables in the TCDC disease databases include pa-
tient names, unique personal ID, date of birth, sex, date of
diagnosis, disease severity, and medical information
regarding COVID-19 symptoms and treatment. All analyses
were carried out in individuals older than 20 years old and
stratified into two age groups (under 50 years of age vs. 50
years of ages and over).

COVID-19 severity was classified according to the defi-
nition of the Taiwan SARS-CoV-2 clinical guideline, which
referred to the guidelines of the World Health Organization,
National Institutes of Health (NIH), and International Dis-
ease Society of America (IDSA).17e19 There were four cat-
egories: mild disease (asymptomatic, or symptomatic
without pneumonia and independent), moderate disease
(signs with pneumonia, but no signs of severe pneumonia,
including SpO2 > 94% on room air), severe disease (signs
with severe pneumonia with one of the following breath
rates >30 per minute, SpO2 � 94% on room air or infiltration
>50% or PaO2/FiO2 ratio <300), and critical disease (acute
respiratory distress syndrome (ARDS)). The medical doctors
at the TCDC who assessed the clinical information from
clinical sites and recorded the data used as variables in this
dataset were blinded to the subsequent patient outcomes.
Specifically, for the analysis, convalescent individuals were
classified into two groups: one group was mild disease, and
the other group, advanced disease, was a combination of
moderate, severe, and critical disease.

The major outcomes were the trend of NAb titers in
convalescent COVID-19 individuals over time and factors
associated with positive titers in the NAb-positive cohort.
Our study defined “positive titers” as a NAb titer higher
than 80-fold (45.97 IU/ml).20e22 The time interval was
508
calculated as the date of reported COVID-19 to the last
recent collection date of convalescent serum.

SARS-CoV-2 neutralization assays

To measure SARS-CoV-2 neutralizing antibody titers, Taiwan
CDC strain number 4 (hCoV-19/Taiwan/4/2020; Global
Initiative on Sharing All Influenza Data accession ID EPI_-
ISL_411927) was titrated to calculate the median tissue
culture infectious dose (TCID50). Serum samples were
titrated in 8 twofold serial dilutions (starting dilution 1:80
to a final dilution of 1:10240). Each serum dilution (50 mL)
and medium (50 mL) containing 100 TCID50 of the virus were
mixed and incubated at 37 �C for 1 h. Subsequently, 96-well
tissue culture plates (1.2 � 104 cells per well) with Vero E6
cells were infected with 100mL/well of virus/serum mix-
tures and incubated at 37 �C and 5% CO2 for 4e5 days. The
NAb titers were defined as the reciprocal of the highest
dilution capable of inhibiting 50% of the cytopathic effect.
The NAb results were derived from quadruplicated tests
and calculated according to the Reed-Muench method.

To facilitate the conversion of geometric mean titers
(GMTs) to international units (IUs/ml), we purchased the
WHO international standard reference panels (20/136, 20/
268 and reference samples, 20/150, 20/148, 20/144, and
20/140) from the National Institute for Biological Standards
and Control (NIBSC; Potters Bar, UK) for comparison. A
neutralizing assay was first developed to calculate the GMTs
of the NIBSC serum samples. The function was then devel-
oped through the conversion between the GMTs and the
assigned IU/ml of each standardized NIBSC serum sample,

yZ0:4964x1:0334

where y is the titer value of IU/mL and x is the titer value of
the GMT.

Statistical analysis

To evaluate the association of follow-up duration and
neutralizing antibody titers, we applied a generalized
estimating equations (GEE) for repeated measures on NAb
titers. We also adjusted for participant’s age, sex, living
abroad, and body mass index (BMI) in the equations.

A Cox proportional hazards model was used to derive the
hazard ratio (HR) and 95% CIs for the association between
disease severity and neutralizing antibody titers during the
follow-up period. This model, with calendar day as the
timescale, eliminates the need to model the underlying
temporal trends, which are estimated as the baseline
hazard. We also adjusted for participant age, sex, smoking,
living abroad, and BMI in the model. The parameters were
adjusted by stepwise approaches before inclusion in the
Cox model and exclusion by collinearity tests.

The geometric mean of neutralization titers (GMT) and
median titers were used in the correlation and stratification
analyses for other measurements. Neutralization titers
below the limit of detection (negative NAb titer � 45.97 IU/
ml) were assigned an arbitrary value of 45.97 IU/ml prior to
calculating the geometric mean for the purposes of the
correlation and regression model. In the summary statis-
tics, we stratified the follow-up period of each individual
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into four levels: 0e49 days, 50e180 days, 181e365 days and
over on year (>365 days). In each follow-up group, the
geometric mean of neutralization titers (GMT) and median
titers were calculated.

All analyses were carried out in R (version 4.2.2) and SAS
9.4.1.
Results

Study population

There were more than a thousand COVID-19 cases reported
to the TCDC between January 2020 and May 15th in 2021 in
Taiwan. We excluded some cases with conditions such as no
phone call, passed away, foreigners and then contacted 841
individuals. A total of 434 convalescent individuals were
contacted successfully, and 236 individuals participated in
this study. In this study, 33 convalescent individuals whose
serum was collected after COVID-19 vaccination were
excluded, and a total of 203 convalescent individuals with
297 serum samples with a follow-up period of up to 588 days
were available for the final analysis, as shown in Fig. 1. All
sera in this study were collected before any of these in-
dividuals received any COVID-19 vaccine.

The cohort of 203 convalescent individuals included 114
(56.16%) males and 89 (43.84%) females. One-third of the
subjects lived abroad (75 subjects, 36.95%) for a long time
and were diagnosed during the quarantine period. The
mean age at the date of diagnosis was 24.04 years old
(standard deviation: 3.92). A total of 40 subjects (19.70%)
were smokers. Overall, 158 subjects (77.83%) were classi-
fied with mild COVID-19 disease status during the hospi-
talization period, and 45 subjects were assigned to the
advanced disease group for the following Cox regression
analysis (29 cases of moderate disease, 14 cases of severe
Fig. 1. Cohort screening workflow in the study of unvacci-
nated convalescent COVID-19 individuals in Taiwan.
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disease, and 2 cases of critical disease). The demographic
characteristics are listed in Table 1.

Neutralizing antibody titer and follow-up duration

A total of 297 serum samples tested by the NAb were
collected between days 26 and 588 after COVID-19 was
reported, with samples nominally denoted as acute (<50
days), early (50e180 days), intermediate (181e365 days),
and late (>365 days) convalescence. Each follow-up period
of the subjects is presented in Fig. 2(A). During convales-
cence, all NAb measurements showed a general decreasing
trend, as shown in Fig. 2(B). The correlation coefficient
between NAb titers and follow-up days was �0.33385 with p
value < 0.0001. By using KaplaneMeier survival analysis,
our cohort showed that the portion of convalescent COVID-
19 individuals who remained positive for NAb titers
decreased rapidly from 50% on the 492nd day to 25% on the
512nd day (Fig. 2(C)).

Negative sera were defined by a NAb titer � 45.97 IU/ml.
Neutralization titers below the limit of detection (negative
NAb titer � 45.97 IU/ml) were assigned an arbitrary value
of 45.97 IU/ml. Among 57 individuals within the acute
phase, 45.61% showed negative results. We defined the
acute phase as < 50 days after onset and the NAb devel-
oped and rose 14e20 days after onset. In the acute phase,
the subgroups were divided to 0e14days and 15e20 days
after onset. The proportion of the negative results in the
0e14 days subgroup was 46.15%, then decrease to 22.73% in
the 15e50 days subgroup (Supplementary Table 1).

Then, among individuals who had recovered within
50e180 days, only 33.33% had a NAb titer � 45.97 IU/ml.
While both intermediate- and late-phase individuals, 56.41%
and 58.87% comprised those with negative results, respec-
tively (Table 2). Neutralization activity (NAb) was still pre-
sent during follow-up, with a median serological titer of
192.6 IU/ml in the acute group (<50 days), which then
Table 1 Demographic data for the convalescent in-
dividuals (N Z 203).

Characteristics N (%)

Age, mean [range], yr 37.73 [20e88]
< 50 yr 184 (90.64)
� 50 yr 19 (9.46)

Sex

Male 114 (56.16)
Female 89 (43.84)

BMI, mean � SD 24:04 � 3.92
Disease Severity

Mild 158 (77.83)
Moderate 29 (14.29)
Severe 14 (6.90)
Critical 2 (1.00)

Smoking Habit

Smoking 40 (19.70)
Nonsmoking 163 (80.30)

Living Abroad

Yes 75 (36.95)
No 128 (63.05)



Fig. 2. (A) Individual follow-up period from the COVID-19 official report date. In our cohort, the longest follow-up period was 588
days from the official report date. (B) The trends of neutralizing antibody titer on the log 2 scale along with follow-ups. The red line
represents a detection limit of 45.97 IU/ml. (C) KaplaneMeier survival analysis for positive NAbs titers of convalescent COVID-19
individuals. The KM plot demonstrated a deceasing trend over time, and the median probability (50%) of positive NAbs occurred on
the 492nd day. The population remaining positive for NAbs rapidly decreased to 25% of individuals on the 512nd day.

Table 2 Individual distribution and geometric mean titer are classified by diesease severity (297 samples in 203 individuals).

Follow-up Time All Samples �45.97 IU/ml p value

Mean (Days) P-value N GMT Median n %

Acute (0e49 days) Mild 23.86 0.0742 44 178.48 178.63 23 52.27 0 0.2443
Advanced 17.69 13 247.36 244.54 3 23.07
Subtotal 57 192.27 192.60 26 45.61

Early (50e180 days) Mild 98.76 0.5901 41 75.31 65.77 19 46.34 0.0043
Advanced 93.58 19 89.50 192.60 1 5.26
Subtotal 60 114.42 94.10 20 33.33

Intermediate (181e365 days) Mild 258.75 0.1210 32 58.87 45.97 21 65.63 0.0289
Advanced 295.14 7 89.17 79.76 1 14.29
Subtotal 39 63.55 45.97 22 56.41

Late (>365 days) Mild 462.60 0.2907 106 63.82 45.97 68 64.15 0.7672
Advanced 472.09 35 76.94 58.37 15 42.86
Subtotal 141 66.88 45.97 83 58.87

The value 45.97 IU/ml represented the detection limit of the neutralization titer. The statistical significance between mild disease and
advanced disease for each time interval was compared by a two-tailed unpaired t test, and a p value < 0.05 was considered to reach
statistical significance.
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decreased to 94.10 IU/ml for early phase cases (50e180
days). After 181 days, the persistent downward trend
signified a negative neutralization activity, which was below
45.97 IU/ml (Table 2). The NAb waning rates between the
time intervals were calculated by mean follow-up time and
GMT. The GMT in the advance disease group waned faster
Table 3 The associations of the factors of NAb titers analyzed

Variable Reference Estimate S.E.

Intercept 5.30 0.17
Disease Severity Advance �0.26 0.13
Living Abroad N �0.14 0.11
Sex Female 0.08 0.11
Age Group <50 yr 0.35 0.21
Time(Days) �0.002 0.0003
Smoking N �0.32 0.16

510
than the mild group during the first 180 days from acute
stage to early stage (Supplementary Table 2).

The GEE model indicates that longer follow-up duration
was associated with a significantly lower NAb titer among
the study cohort (Table 3). Sex, age and living abroad were
not associated significantly with NAb titer. However,
by generalized estimated equations (GEE).

95% Confidence interval (CI) Z-value P-value

[4.962, 5.646] 30.42 <0.0001*
[-0.510, �0.011] �2.05 0.0404*
[-0.357, 0.068] �1.33 0.183
[-0.134, 0.298] 0.75 0.4562
[-0.069, 0.759] 1.64 0.102
[-0.003, �0.002] �7.63 <0.0001*
[-0.627, �0.018] �2.08 0.0377*
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disease severity with mild condition and smoking were at
increased probability of lower NAb titer (Table 3).

Disease severity and NAb

Individuals with mild symptoms persistently had a greater
proportion of NAbs lower than the detectable level (£45.97
IU/ml) throughout every phase. In the intermediate and
late phases, with almost a hundred mild participants, more
than 60% had negative results when advanced cases after
181 days had 14.29% (n Z 1) and 42.86% (n Z 15) negative
outcomes, respectively.

The neutralizing antibody levels showed a strong associ-
ation according to disease severity. Participants with
advanced COVID-19 had higher neutralizing titers (moder-
ate/severe/critical GMT 247.36 IU/ml) compared to the 23
participants with mild COVID-19 (GMT 178.48 IU/ml), but
the results of the two-tailed unpaired t test did not reach
statistical significance (p value Z 0.2443), as illustrated in
Table 2. The increase in neutralization titer was similar
across all phases, with individuals with advanced disease
maintaining higher titers at early phase (50e180 days) (GMT
89.50 IU/ml in advanced disease vs. GMT 75.31 IU/ml in mild
disease participants) and reached statistical significance
Fig. 3. KaplaneMeier survival analysis for a NAb titer response
stratified by disease severity. The log-rank test reached statisti
(p Z 0.0057) (B) The cumulative hazard of decreasing neutraliza
statistical significance between ever smokers and never smokers (p
by smoking habit. (D) The cumulative hazard of decreasing neutra
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(p Z 0.0043). Furthermore, the intermediate and late
phases had a similar trend when comparing disease severity
to NAb titers, and higher median titers were observed in the
advanced disease group (median titer: 79.76 IU/ml in the
intermediate phase; 58.37 IU/ml in the late phase) than in
the mild group (median titer: 45.97 IU/ml).

The KaplaneMeier survival analysis of the maintenance
of high neutralizing antibody titers among individuals with
mild symptoms and advanced symptoms (log-rank test p
value Z 0.0057) is shown in Fig. 3(A). The cumulative
hazard indicated that advanced disease was associated
with significantly higher positive NAb titers (hazard ratio:
2.01, 95% CI: 1.11e3.63), as shown in Fig. 3(B).

Smoking habit and NAb

The neutralizing antibody responses demonstrated higher
NAbs titers in the smoking groups (median 69.94 IU/ml)
than in the nonsmoking group (median 58.37 IU/ml) during
the acute phase (0e49 days). The neutralization titer levels
were the opposite across the early phase at 50e180 days,
and the nonsmoking group showed higher titers (median
titer 94.10 IU/ml) than the smoking group (median titer
62.07 IU/ml). After 181 days, the majority of the mild
during convalescence. (A) KaplaneMeier survival curves were
cal significance between advanced disease and mild disease
tion response by disease severity. The log-rank test reached
Z 0.0058). (C) The KaplaneMeier survival curves were stratified
lization response by smoking habit.



Table 4 Individual distribution and geometric mean titer classified by smoking.

All Samples �45.97 (IU/ml) P value

N GMT Median n %

Acute (0e49 days) Non-Smoking 41 89.69 58.37 19 46.34 0.3377
Smoking 16 124.08 69.94 7 43.75
Subtotal 57 192.27 192.60 26 45.61

Early (50e180 days) Non-Smoking 44 109.33 94.10 13 29.55 0.0728
Smoking 16 67.41 62.07 7 43.75
Subtotal 60 114.42 94.10 20 33.33

Intermediate (181e365 days) Non-Smoking 33 61.28 45.97 18 54.55 0.8637
Smoking 6 61.49 45.97 4 66.67
Subtotal 39 63.55 45.97 22 56.41

Late (>365 days) Non-Smoking 122 66.45 45.97 70 57.38 0.5229
Smoking 19 62.15 45.97 13 68.42
Subtotal 141 66.88 45.97 83 58.87

The statistical significance between smoking and nonsmoking for each time interval was compared by a two-tailed unpaired t test, and a
p value < 0.05 was considered to reach statistical significance.
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participants had NAb levels lower than the detectable level
(£45.97 IU/ml), but for nonsmoking cases, less than 58%
were detectable. In the intermediate and late phases, the
median NAb values for both the smoking and nonsmoking
groups were 45.97 IU/ml, as shown in Table 4.

The KaplaneMeier survival analysis (log-rank test, p
value Z 0.0058) illustrated that nonsmoking group could
keep the positive NAb titers longer compared to the
smoking group (Fig. 3(B)). The cumulative hazard indicated
that the smoking group had a higher risk of negative NAbs
(hazard ratio: 0.55, 95% CI: 0.33e0.92), as shown in
Fig. 3(D).

Cox regression model for maintaining neutralizing
antibody titer

The Cox regression model indicated that disease severity
with advanced condition was most strongly associated with
maintaining positive NAbs (adjusted odds ratio: 2.01, 95%
CI: 1.11e3.63, p Z 0.0209), as shown in Fig. 4. In addition,
the positive neutralizing titers among participants who re-
ported being an ever-smoker were significantly different
from those of participants who had never smoked (adjusted
odds ratio: 0.55, 95% CI: 0.33e0.92 p Z 0.0217). Sex, living
abroad, BMI, and age were not significant cofactors.
Multivariable Cox regression models examined the effects
of parameters in predicting positive NAbs in our cohort, and
the model performance was determined by global p value
(log-rank test P value Z 0.0087) and Akaike information
criteria (AIC Z 894.15), as shown in Fig. 4.

Discussion

We measured real-world data on serum neutralizing anti-
body titers for an extended period, up to 588 days after
confirmation of SARS-CoV-2 infection in convalescent
COVID-19 cohorts, to calculate the long-term trend of SARS-
CoV-2 immunity. The SARS-CoV-2 neutralizing responses in
convalescent COVID-19 individuals are known to show a
decreasing trend with time after diagnosis.3,7,21,23e26 The
512
titers of neutralizing antibodies decreased modestly, with
the titers at 3e4 months after diagnosis generally being
approximately 4-fold lower than those at 1 month.13,15 Our
study suggests that convalescent COVID-19 individuals,
after more than a year and four months, account for up to
only 25% of positive NAbs on the 512nd day.

Our study found that the positive duration of SARS-CoV-2
neutralization titers was correlated with the disease
severity of COVID-19 in all phases of onset. Individuals with
more severe symptoms tended to have higher antibody re-
sponses in the acute phase after infection and maintained a
higher proportion of titers with a longer duration in the first
year after diagnosis. Previous studies have proven that
neutralizing antibodies against SARS-CoV-2 have a positive
correlation with the severity of the disease in cross-
sectional analysis.2,4,6,21,22,27 These longitudinal studies
also showed the duration of the immune response with re-
gard to disease severity. Furthermore, our study showed
that individuals with advanced disease generally presented
a longer positive duration of neutralizing antibody titers
than individuals with mild symptoms after symptom onset or
even asymptomatic infection. This result remains consistent
with another similar study that reported enhanced long-
term adaptive immunity in individuals with advanced dis-
ease compared with those with mild disease.4,13,28

Based on the Cox regression model, smoking was a risk
factor for a decline in positive neutralizing antibody titers
over the follow-up period. Previous studies focusing on age
and smoking that predicted antibody titers 3 months after
the second dose of the BNT vaccine in a Japanese popula-
tion also found that smoking was a risk factor for low
antibody titers.15,29e32 Our study showed that the adjusted
odds ratio for individuals with a smoking habit was 0.547 for
maintaining neutralizing antibody protection, which was
significant (p value Z 0.0217).

The detection threshold of the NAb in this study was
based on the FDA-recommended criteria for emergency use
authorization (EUA). The plasma, which was screened by
ELISA, was from a convalescent individual with a neutral-
izing antibody titer over 1:160 or higher. This optimized
threshold was utilized in our determination of antibody



Fig. 4. Forest plot of Cox proportional hazards model for the positive neutralizing antibody titer. The figure provides a forest plot
reporting the hazard ratio (HR) and the 95% confidence intervals of the HR for each covariate included in the Cox proportional
hazards model. The best fitting Cox model was determined by Akaike information criteria (AIC Z 894.15) and log-rank test (P
value Z 0.0087).
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protection as 1:80.33,34 Based on one study that they
determined NAb cutoff titer (titerS80) as suitable for
comparing immunoassays and the other study estimated the
50% protective neutralization level as 54 IU/ml (95% CI
30e96 IU/ml), we set the cutoff titer as titerS80 and S
45.97 IU/m for the virus-live neutralizing assay.35,36 To
assure our lab results performance, a subset of samples was
tested by using other platforms of GenScript cPass� sVNT,
indicating that two platforms robustly correlated with spe-
cific titers of neutralizing antibodies for samples from acute
phase. High sensitivity (85.22%), specificity (88.89%), posi-
tive predictive value (97.03%) and negative predictive value
(58.54%) were evident. The reliability (Cohen’s kappa
coefficients Z 0.62, 95% C.I. Z [0.47e0.77]) indicated fair
agreement between GenScript cPass and reported method.

In this study, several constraints limited the predictive
ability of the Cox regression model. The 181- to 365-day
interval had fewer serum samples from individuals with
advanced disease, which limited our ability to make a
reliable comparison of the protective duration among
different phases. Therefore, the comprehensive change in
the antibody response during the late phase might be
overestimated due to a delayed cutoff point (>365 days).
The NAb titers ranges fall within 320-fold and we didn’t use
a lower dilution factor (e.g. 20-fold) to conduct the
neutralizing assay due to the limited volume of each
serum. However, the definition of “positive titers” as a NAb
titer higher than 80-fold (45.97 IU/ml) was still confidence
according to the past studies.35,36 Despite this potential
limitations, the strengths of our study include successful
prospective follow-up of a cohort without COVID-19
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vaccination for more than one year and the use of objec-
tive biologic markers, the plasma neutralizing antibody
titer (NAb).

In this study, we focused on the positive titers of the
plasma neutralizing antibody response as a predictive
parameter over the follow-up period. Disease severity
altered the consequences of the positive titers in naturally
convalescent individuals. Understanding the long-term
antibody-based protection of SARS-CoV-2 neutralization
will provide insights into the nature of protective antibody
responses.37
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