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ABSTRACT

Introduction: Surveillance programs after hep-
atitis B surface antigen (HBsAg) loss are not yet
well established, and the role of hepatitis B
surface antibodies (anti-HBs) remains contro-
versial. We aimed to evaluate the risk factors for
increased mortality and the association between
anti-HBs and all-cause and cause-specific mor-
tality in a representative US (United States)
population of patients with resolved HBV
(Hepatitis B virus) infections.
Methods: Data were taken from the US
National Health and Nutrition Examination
Survey (NHANES) 1999–2018. A total of 3455
US adults with resolved HBV infection [defined
as hepatitis B surface antigen (HBsAg) negative/

anti-hepatitis B core antigen (anti-HBc) posi-
tive] were enrolled in this study. The primary
outcome measures were all-cause and cause-
specific mortality from baseline until
31 December 2019.
Results: During a mean follow-up of 10.3 years,
741 deaths occurred. Age, race, marital status,
smoking status, physical activity level, and
presence of cirrhosis, diabetes, cardiovascular
diseases, chronic obstructive pulmonary dis-
eases, cancer, and anti-HBs were significant
factors for increased mortality, and a nomo-
gram tool was developed and validated for the
risk stratification of mortality. Compared with
participants who were anti-HBs positive, those
who were anti-HBs negative had a 23% (hazard
ratio 1.23, 95% CI 1.02–1.46) higher risk of all-
cause mortality in NHANES 1999–2018. For
cause-specific mortality, the fully adjusted haz-
ard ratios of participants who were anti-HBs
negative were 0.71 (95% CI 0.48–1.06) for heart
disease, 1.44 (95% CI 1.01–2.05) for cancer, and
1.44 (95% CI 1.13–1.83) for other conditions,
compared to those of participants who were
anti-HBs positive.
Conclusions: Among US adults with resolved
HBV infections, anti-HBs-negative status was
associated with an increased risk of death from
all causes and cancer, implying that the role of
anti-HBs in resolved HBV infection should not
be ignored. On the public health level, more
rigorous surveillance was needed for
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populations of individuals who were isolated
anti-HBc positive.

Keywords: Antibody to hepatitis B surface
antigen; Surveillance; Hepatitis B surface
antigens loss; Resolved HBV infection;
Immunity, Humoral; Prognosis; Mortality

Key Summary Points

Why carry out this study?

Surveillance programs after HBsAg loss are
not yet well established, and the role of
anti-HBs remains controversial.

What was learned from this study?

By investigating 3455 patients with
resolved HBV infection with an average of
10.3 years of follow-up, we observed that
anti-HBs-negative status was associated
with an increased risk of death from all
causes and cancer, implying that more
rigorous surveillance was needed for
populations of individuals who were
isolated anti-HBc positive.

In addition, a nomogram tool was
developed and validated for the risk
stratification of mortality among patients
with resolved HBV infections, which may
be a valuable reference for surveillance-
related decision-making.

INTRODUCTION

With high morbidity and mortality, hepatitis B
virus (HBV) infection remains a significant glo-
bal public health problem [1]. Loss of hepatitis B
surface antigen (HBsAg) is recognized as the
optimal therapeutic endpoint of HBV infection
and also a safe endpoint for stopping acute or
chronic hepatitis B treatment, known as ‘‘re-
solved hepatitis B’’ or ‘‘functional cure’’ [2, 3].

However, even if HBsAg loss is achieved, in
some cases, HBV cannot be eradicated because
of the persistence of covalently closed circular

DNA (cccDNA) and HBV DNA integration.
Thus, there is still a risk of HBsAg seroreversion,
HBV reactivation, cirrhosis, and hepatocellular
carcinoma [4–6]. Patients with resolved hepati-
tis B still have a significantly increased mortality
compared with those without chronic liver
disease [7]. Thus, surveillance should be con-
tinued after HBsAg loss [4–6]. Rigorous surveil-
lance of the entire population of resolved HBV
infections is neither necessary nor likely to be
cost-effective. Risk stratification and targeted
surveillance strategies may be necessary. Nev-
ertheless, surveillance programs after HBsAg
loss are not yet well established, and the role of
anti-HBs (hepatitis B surface antibodies)
remains controversial.

There is ongoing controversy over the guide-
lines for whether anti-HBs seroconversion should
be included in the definition of ‘‘resolved hep-
atitis B’’ or ‘‘functional cure’’. As stated in the
AASLD Guidelines, ‘‘loss of HBsAg with acquisi-
tion of anti-HBs has been termed functional cure’’
[3]. In the EASL 2017 Clinical Practice Guidelines,
the functional cure or resolved hepatitis B was
described as the loss of HBsAg (with or without
anti-HBs seroconversion) [1], which seems to
imply that isolated anti-HBc (HBsAg negative/
anti-HBs negative/anti-HBc positive) is also
included in resolved hepatitis B. Such a difference
in terminological definition leads to confusion in
clinical practice. Previous studies have reported
that anti-HBs could provide long-term protection
for people who are vaccinated and healthy by
clearing circulating HBsAg [8, 9]. However, the
role of anti-HBs for populations who achieved
HBsAg loss in acute or chronic hepatitis B remains
unclear, especially in the long-term prognosis of
this population. Elucidating the role of anti-HBs
on the long-term prognosis after HBsAg loss could
provide evidence for a reasonable definition of
HBV ‘‘functional cure’’ or ‘‘resolved hepatitis B’’
and for the choice of primary efficacy endpoints
in clinical practice [10].

Therefore, by using the data from the upda-
ted NHANES (1999–2018) with long-term fol-
low-up, we intend to investigate which factors
are associated with a higher risk of death after
HBsAg loss, with a particular focus on the
association of anti-HBs with all-cause and cause-
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specific mortality among US adults with
resolved HBV infection.

METHODS

Data Source and Study Population

The National Health and Nutrition Examina-
tion Survey (NHANES), conducted by the
National Center for Health Statistics (NCHS), is
a program to assess the health and nutritional
status of adults and children in the USA over
time [11]. The NHANES used a complex, mul-
tistage, probability sampling method to collect
nationally representative health-related data on
the US population [11]. The NHANES
1999–2018 survey included an interview, phys-
ical examination, and laboratory measurements
in 55,081 adults (aged 20 or over). In the cur-
rent analysis, we included participants with
resolved HBV infection (defined as serum
HBsAg negative and anti-HBc positive) from the
continuous NHANES 1999–2018. Those with
missing information on anti-HBs (n = 5) and
mortality (n = 9) were excluded from the anal-
ysis. Therefore, a total number of 3455 partici-
pants were included in our cohort for analysis.
Among them, 2645 participants were anti-HBs
positive, and 810 participants were anti-HBs
negative (isolated anti-HBc). The mortality fol-
low-up was a prospective study of the vital sta-
tus of all participants aged 20 and older
to December 2019 (Fig. 1).

All data used in this study were published
free of charge by NCHS. The study was con-
ducted according to the principles of the Hel-
sinki Declaration. The approval of the study
from the NCHS ethics review board was waived
because the research relied upon publicly
available, deidentified secondary data. All par-
ticipants signed informed consent forms.

Hepatitis B Surface Antibody
and Covariates

Qualitative results of hepatitis B surface anti-
body, hepatitis B surface antigen, and hepati-
tis B core antibody were available through

baseline laboratory data for continuous
NHANES (1999–2018) data sets. All HBV tests
were performed once at baseline. Definitions of
anti-HBs positivity and descriptions of labora-
tory methodology and eligible samples were
available through NHANES laboratory method
manuals [12]. Briefly, the AUSAB EIA for anti-
HBs uses the ‘‘sandwich principle’’, a solid-phase
enzyme-linked immunoassay technique to
detect anti-HBs levels in serum or plasma.
Polystyrene beads coated with human HBsAg
are incubated with either the patient specimen
or the appropriate controls [12]. An initial result
of\5.00 mIU/mL indicates a ‘‘negative’’ sample
for anti-HBs. An initial of C 12.0 mIU/mL indi-
cates a ‘‘positive’’ sample for anti-HBs. An initial
result of C 5.00 and \ 12.0 mIU/mL (‘‘indeter-
minate’’) indicates a sample that requires
duplicate repeat testing for anti-HBs (Supple-
mentary Material Fig. S1) [12].

Information on covariates was available
through baseline questionnaires, including age,
sex, race/ethnicity, education level, marital
status, smoking status, drinking status, body
mass index, leisure time physical activity level

Fig. 1 Flowchart of inclusion and exclusion of
participants
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(0, 1–2, or C 3 times/week) [13], healthy eating
index scores (HEI-2015) [14], and self-reported
baseline history of diabetes, hypertension, car-
diovascular diseases, chronic obstructive pul-
monary diseases (COPD), liver condition, and
cancers. Chronic hepatitis C (CHC) was defined
as being hepatitis C virus RNA positive. Low to
moderate drinkers were defined as drinking\1
drink/day in women and\2 drinks/day in men
and heavy drinkers were defined as C 1 drink/-
day in women and C 2 drinks/day in men.
Detailed definitions of covariates are provided
in Supplementary Material Table S1.

We employed APRI (AST to platelet ratio
index) and FIB-4 (fibrosis-4) scores to assess the
severity of liver fibrosis. The scores were calcu-
lated for participants with available aspartate
aminotransferase (AST), alanine aminotrans-
ferase (ALT), and platelet count data from
baseline laboratory data. The details of the cal-
culation formula has been described elsewhere
[15, 16]. Cirrhosis/ advanced fibrosis was
defined by an FIB-4 score[3.25 or an APRI
score[2.0 in the current study [15, 16].

Ascertainment of Deaths

The baseline was defined as the time the par-
ticipants underwent physical examination, and
the primary outcomes for our study were all-
cause mortality from baseline to 31 December
2019. Here, the 10th revision of the Interna-
tional Classification of Diseases was used to
classify causes of death. Our secondary out-
comes were mortality from heart disease (codes
I00–I09, I11, I13, and I20–I51) and cancer
(codes C00–C97). Using a unique study identi-
fier, we determined death status by matching it
with the National Death Index. Further details
of the matching method are available from the
NCHS [17].

Statistical Analysis

We accounted for the complex survey design
and sampling weights for continuous NHANES
(1999–2018) data sets. Less than 10% of values
of covariates were missing, except for drinking
status, healthy eating index score, and

vaccination status. We performed multiple
imputations for all missing values. The charac-
teristics of the participants were compared
using the Rao-Scott v2 test, and the analysis of
variance was adjusted for sampling weights
when appropriate.

Univariate and multivariate Cox regressions
(stepwise) were used to confirm which factors
were associated with a higher risk of death. To
establish and validate a nomogram tool for
mortality risk stratification among resolved
HBV infection, we divided the study cohort
(complete case removed participants with
missing values; n = 2403) into a training cohort
(NHANES cycles 1, 3, 5, 7, and 9; n = 1237) and
a validation cohort (NHANES cycles 2, 4, 6, 8
and 10; n = 1166). The training cohort fitted the
penalized Cox model using an adaptive elastic
net regularization method. Bootstrap-based
validation and calibration were used in both the
training and validation cohorts.

Multivariate Cox regression was used to cal-
culate the hazard ratios (HRs) and 95% confi-
dence intervals for mortality with hepatitis B
surface antibody. Covariates that may affect
mortality were considered in the analysis. We
adjusted for baseline age, sex, and race/ethnic-
ity in model 1. We further adjusted for educa-
tion level, marital status, body mass index,
alcohol intake/consumption, and smoking sta-
tus in model 2. Finally, we further adjusted for
healthy eating index scores, leisure time physi-
cal activity level, diabetes, hypertension, car-
diovascular diseases, emphysema or chronic
bronchitis, cancer, cirrhosis, HCV, and liver
condition in model 3.

To balance the confounding factors, we per-
formed propensity score matching (PSM) for
anti-HBs-positive and anti-HBs-negative partic-
ipants. The matched covariates included age,
sex, race, BMI, educational level, smoking,
drinking, diabetes, hypertension, emphysema
or chronic bronchitis, and cardiovascular dis-
eases. To unravel the potentially distinct roles of
anti-HBs in mortality among individuals of
different sexes, races, ages, and chronic diseases,
we performed stratified analyses by baseline age,
sex, race, BMI, hepatitis B vaccination, and
chronic diseases. To evaluate the effect of pre-
mature death, we examined the relationships
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Table 1 Characteristics of participants with resolved HBV infection

Characteristicsa Unweighted Weighted

Participants (n) 3455 9,949,257

Age, years 57.07 (0.26) 53.54 (52.85–54.23)

Sex (women) 1521 (44.02%) 44.34% (41.92–46.78%)

Awareness of HBV infectionb 74 (6.52%) 6.29 (4.85–7.66%)

Therapy for HBVb 10 (0.86%) 0.91% (0.35–1.48%)

Anti-HBs positive 2645 (76.56%) 78.63% (76.76–80.51%)

Body mass index (kg/m2) 27.75 (0.10) 27.63 (27.31–27.94)

Ethnicity

Non-Hispanic white 709 (20.52%) 40.36% (37.44–43.28%)

Non-Hispanic black 1295 (37.48%) 25.43% (23.20–27.65%)

Mexican American 265 (7.67%) 3.66% (2.92–4.41%)

Others 1186 (34.33%) 30.53% (27.72–33.34%)

Education

Less than high school 1231 (35.63%) 28.20% (26.15–30.25%)

High school or equivalent 796 (23.04%) 24.21% (22.17–26.25%)

College or above 1419 (41.07%) 47.58% (44.76–50.39%)

Marital status

Married 1956 (56.61%) 59.24% (57.01–61.48%)

Separated 1001 (28.97%) 25.47% (23.59–27.35%)

Never married 467 (13.52%) 15.27% (13.52–17.02%)

Alcohol drinking

Non-drinker 999 (28.91%) 30.20% (27.98–32.43%)

Low to moderate drinker 1752 (50.71%) 59.59% (57.22–61.95%)

Heavy drinker 245 (7.09%) 10.19% (8.67–11.71%)

Smoking status

Never smoker 1680 (48.63%) 46.72% (44.44–49.00%)

Former smoker 920 (26.63%) 24.95% (23.19–26.71%)

Current smoker 849 (24.57%) 28.32% (25.98–30.65%)

Healthy eating index score 54.65 (0.24) 53.82 (53.12–54.52)

Leisure time physical activity level

0 times/week 1973 (57.22%) 51.70% (49.15–54.24%)

1–2 times/week 411 (11.90%) 15.10% (13.18–17.02%)

C 3 times/week 1067 (30.88%) 33.19% (30.81–35.56%)
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with deaths occurring before 65 years old,
before 70 years old, before 75 years old, and
before 80 years old among participants younger
than 65 years old at baseline.

We also performed a series of sensitivity
analyses to test the robustness of the results.
First, we removed participants with missing
covariate values and ran complete case analyses.
Second, hepatitis C infection can be another
liver injury source affecting the APRI and FIB-4
index scores. And for patients with chronic
hepatitis B who achieved HBsAg loss, chronic
liver disease (such as liver cirrhosis) during their
HBsAg carriage phase may also add bias. Thus,
patients with liver cirrhosis (based on APRI and
FIB-4 scores) or patients with CHC were also
excluded to verify the results.

All statistical analyses were performed using
SAS 9.4 (SAS Institute Inc, Cary, NC), which

allows appropriate use of the NHANES survey
weights to project the results to the noninsti-
tutionalized general population of the USA. R
software (R Foundation for Statistical Comput-
ing, Vienna, Austria) and package ‘‘survminer’’
and ‘‘hdnom’’ were used to plot Kaplan–Meier
curves and nomograms. Results with a
P value\0.05 were considered statistically
significant.

RESULTS

Baseline Characteristics

Out of 101,316 participants in NHANES
1999–2018, 3455 participants (3.4%) met the
inclusion criteria (age[20 years, serum HBsAg
negative, and anti-HBc positive). Among them,

Table 1 continued

Characteristicsa Unweighted Weighted

HCV RNA (positive) 249 (7.21%) 8.48% (7.09–9.87%)

Cirrhosis 142 (4.11%) 3.63% (2.70–4.57%)

Self-reported chronic diseases

Diabetes 552 (15.98%) 12.09% (10.86–13.33%)

Hypertension 1225 (35.46%) 30.29% (28.30–32.27%)

Cardiovascular diseases 494 (14.30%) 11.85% (10.41–13.26%)

COPD 262 (7.58%) 7.68% (6.39–8.98%)

Liver condition 355 (10.27%) 11.72% (10.06–13.38%)

Cancer or malignancyc 248 (7.18%) 6.82% (5.71–7.92%)

Hepatitis B vaccine

All 3 doses 712 (20.61%) 23.80% (21.52–26.07%)

Less than 3 doses 96 (34.21%) 3.80% (2.77–4.84%)

No doses 2273 (65.79%) 72.38% (69.98–74.79%)

Estimates accounted for complex survey designs and sampling weights of NHANES. For categorical variables, the data are
presented as n (%) and % (95% CI) for unweighted and weighted, respectively. For continuous variables, the data are
presented as mean (SD) and mean (95% CI) for unweighted and weighted data, respectively
a9, 31, 459, 6, 80, 72, 4, 389, and 374 participants had missing information for baseline education level, marital status,
alcohol drinking, smoking status, BMI, HCV RNA, leisure time physical activity level, healthy eating index score, and
hepatitis B vaccine, respectively
bAwareness and therapy of HBV infection only available in NHANES 2013–2018 (n = 1144)
cSkin cancer was not included
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Table 2 Risk factors for increased mortality among resolved HBV infection

Univariate Cox regression Multivariate Cox regressiona

P HR 95% CI P HR 95% CI

Anti-HBs (ref = positive) 0.001 1.381 1.137–1.678 0.015 1.227 1.039–1.449

Age \ 0.001 1.080 1.072–1.088 \ 0.001 1.080 1.072–1.088

Sex (ref = women) \ 0.001 1.541 1.287–1.845 \ 0.001 1.339 1.133–1.582

Race/ethnicity (ref = NH white)

NH Black \ 0.001 0.692 0.569–0.840 0.100 0.863 0.723–1.029

Mexican American \ 0.001 0.521 0.373–0.729 0.007 0.686 0.520–0.905

Other \ 0.001 0.363 0.277–0.475 \ .0001 0.484 0.384–0.611

Education (ref = less than high school)

High school or equivalent \ 0.001 0.679 0.562–0.821 – – –

College or above \ 0.001 0.588 0.498–0.695 – – –

Marital status (ref = married)

Separated \ 0.001 1.934 1.660–2.253 0.005 1.264 1.073–1.488

Never married 0.020 0.743 0.568–0.971 0.027 1.351 1.034–1.766

Body mass index 0.802 0.998 0.985–1.011 – – –

Smoking status (ref = never smoker)

Former smoker \ 0.001 1.803 1.523–2.134 0.124 1.152 0.962–1.380

Current smoker 0.027 1.227 1.023–1.471 \ 0.001 1.671 1.364–2.048

Alcohol drinking ( ref = non-drinker)

Low to moderate drinker 0.466 1.063 0.902–1.254 – – –

Heavy drinker 0.531 1.098 0.819–1.471 – – –

Healthy eating index score 0.862 1.000 0.995–1.006 – – –

Leisure time physical activity (ref = 0 times/week)

1–2 times/week \ 0.001 0.455 0.352–0.589 0.008 0.699 0.535–0.913

C 3 times/week \ 0.001 0.522 0.437–0.622 \ 0.001 0.619 0.516–0.742

Hepatitis B vaccine (ref = all 3 doses)

Less than 3 doses 0.536 1.201 0.671–2.148 – – –

No doses \ 0.001 2.141 1.715–2.673 – – –

HCV RNA (ref = negative) 0.652 1.070 0.797–1.436 – – –

Cirrhosis (ref = no) \ 0.001 2.945 2.132–4.069 \ 0.001 2.075 1.613–2.669

Diabetes (ref = no) \ 0.001 2.001 1.632–2.453 \ 0.001 1.630 1.368–1.943

Hypertension (ref = no) \ 0.001 2.047 1.724–2.430 – – –

Cardiovascular diseases (ref = no) \ 0.001 3.266 2.697–3.956 \ 0.001 1.674 1.420–1.974
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2645 subjects were anti-HBs positive and 810
were anti-HBs negative (isolated anti-HBc).
Table 1 shows the baseline characteristics of the
study participants. Most participants (73.7%)
had never been vaccinated against hepatitis B.
Among them, HBV infection in 249 (7.21%)
subjects was complicated with CHC, and HBV
infection in 142 (4.11%) subjects was compli-
cated with cirrhosis. Few participants (6.52%)
are aware of hepatitis B, and a tiny minority of
participants (0.86%) have ever received treat-
ment for hepatitis B.

Risk Factors for Increased Mortality
Among Individuals with Resolved HBV
Infection

Among 3455 participants in NHANES
1999–2018, 741 deaths occurred during a mean
follow-up of 10.3 years (cumulative mortalities
comprised 21.4%). For cause-specific deaths, the
cumulative mortalities were 5.8% for heart dis-
ease (201 deaths), 4.6% for cancer (162 deaths),
and 10.9% for other illnesses (378 deaths).
Univariate and multivariate Cox regressions
(stepwise) were used to confirm which factors
were associated with a higher risk of death.
Hazard ratios (HRs) and 95% confidence inter-
vals for mortality are listed in Table 2. Partici-
pants who were older, male, having low
education, non-Hispanic white, having smoker
status, having low physical activity, having
coexisting cirrhosis or chronic diseases, unvac-
cinated against hepatitis B, and anti-HBs nega-
tive had higher mortality. When multivariate
Cox analysis was used, age, race, marital status,

smoking status, physical activity level, cirrhosis,
diabetes, cardiovascular diseases, COPD, cancer,
and anti-HBs were significant risk factors
(Table 2). The results remained almost unchan-
ged when we removed participants with missing
values for covariates (Supplementary Material
Table S2).

Establishment and Validation
of a Nomogram Tool for Mortality Risk
Stratification Among Individuals
with Resolved HBV Infection

A nomogram for predicting 10-year mortality
was established on the basis of penalized Cox
regression analysis in the training cohort
(Fig. 2). In the nomogram, the status of each
predictor is projected through a straight line to
the upper limit of the rating scale, giving the
corresponding score. The total score of each
predictor was summed to calculate the total
score. The predicted probability of 10-year
mortality can be obtained by projecting the
overall score line directly onto the bottom
probability scale line.

The bootstrap-based validation results in the
training and validation cohorts were stable. The
time-dependent AUC (area under the ROC
curve) differs from 0.78 to 0.83 in the training
cohorts and 0.75 to 0.85 in the validation
cohort (Fig. 3a). We also split the samples into
three risk groups; the differences in survival
time for different risk groups are shown in
Fig. 3b. The model calibration results are sum-
marized in Fig. 3c.

Table 2 continued

Univariate Cox regression Multivariate Cox regressiona

P HR 95% CI P HR 95% CI

COPD (ref = no) \ 0.001 2.183 1.714–2.782 \ 0.001 1.484 1.189–1.852

Cancer (ref = no) \ 0.001 2.892 2.263–3.697 0.007 1.345 1.084–1.669

Liver condition (ref = no) 0.198 1.195 0.911–1.566 – – –

aStepwise selection was applied. Variables not included in the multivariate Cox regression model were education, BMI,
healthy eating index score, hepatitis B vaccine, HCV RNA, hypertension, and liver condition
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Relationships Between Anti-HBs
and Mortality Among Individuals
with Resolved HBV Infection

Table 3 shows the baseline characteristics of
study participants across hepatitis B surface
antibody statuses in the NHANES 1999–2018.
Of the 3455 participants, 810 (23.44%) were
anti-HBs negative (isolated anti-HBc). Com-
pared with people in the anti-HBs-positive
group, the individuals in the anti-HBs-negative
group were more likely to be male, elderly, less
educated, currently smoking, and diagnosed
with diabetes and hypertension. These indices
became comparable after PSM. Participants who
were anti-HBs negative had a higher self-re-
ported liver condition (p\ 0.001), percentage
of HCV RNA positivity (p\ 0.001), and higher
FIB-4 score (p = 0.002) than participants who
were anti-HBs positive. After PSM, those trends
remained similar.

Anti-HBs-negative individuals had higher all-
cause mortality than anti-HBs-positive popula-
tions, which remained statistically significant
after the removal of cirrhosis or CHC or after
PSM (Fig. 4). Table 4 summarizes the association
between hepatitis B surface antibodies and all-
cause mortality. After adjustment for age, sex,
race/ethnicity, education level, marital status,
body mass index, alcohol use, smoking status,
diabetes, hypertension, cardiovascular diseases,
emphysema or chronic bronchitis, cancer, cir-
rhosis, CHC, and liver condition, participants
who were anti-HBs negative demonstrated a
significantly higher association with all-cause
mortality (aHR 1.23, 95% CI 1.02–1.46). The
results remained almost unchanged when we
removed participants with missing values for
covariates, excluded participants with positive
HCV RNA or liver cirrhosis, or even after
propensity score matching. For cause-specific
mortality, compared with anti-HBs-positive

Fig. 2 Nomogram for predicting 10-year mortality among individuals with resolved HBV infections
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participants, the fully adjusted hazard ratios in
participants who were anti-HBs negative in
NHANES 1999–2018 were 0.71 (95% CI

0.48–1.06) for heart disease, 1.44 (95% CI
1.01–2.05) for cancer, and 1.44 (95% CI
1.13–1.83) for other diseases. Individuals who

Fig. 3 Bootstrap-based validation and calibration in
training and validation cohorts. a Time-dependent AUC
at each time point in the training cohort and validation

cohorts; b the differences in survival time for different risk
groups with Kaplan–Meier survival curves; c the model
calibration results
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Table 3 Baseline characteristics of study participants in NHANES 1999–2018 according to hepatitis B surface antibody

Characteristicsb Before propensity score matchinga After propensity score matching

Anti-HBs (1) Anti-HBs (2) Pc Anti-HBs (1) Anti-HBs (2) P

Participants n = 2645 n = 810 n = 1382 n = 691

Age, years, mean (SD) 56.56 (15.6) 58.71 (14.1) 0.005 59.43 (14.37) 58.70 (14.07) 0.271

Sex (women %) 1215 (45.93%) 306 (37.77%) 0.069 501 (36.2%) 255 (36.9%) 0.809

Awareness of HBV infectiond 52 (4.3%) 22 (5.8%) 0.288 – – –

Therapy for HBVd 5 (0.4%) 5 (1.3%) 0.439 – – –

Ethnicity 0.079 0.345

Non-Hispanic white 561 (21.20%) 148 (18.27%) 275 (19.9%) 129 (18.7%)

Non-Hispanic black 978 (36.97%) 317 (39.13%) 490 (35.5%) 271 (39.2%)

Mexican American 194 (7.33%) 71 (8.76%) 127 (9.2%) 66 (9.6%)

Others 912 (34.48%) 274 (33.82%) 490 (35.5%) 225 (32.6%)

Education 0.008 0.889

Less than high school 637 (26.74%) 227 (31.13%) 540 (39.1%) 277 (40.1%)

High school or equivalent 1058 (44.41%) 327 (44.85%) 318 (23.0%) 154 (22.3%)

College or above 687 (28.84%) 175 (24.00%) 524 (37.9%) 260 (37.6%)

Marital status 0.024 0.620

Married 1498 (57.19%) 458 (56.89%) 803 (58.1%) 386 (55.9%)

Separated 759 (28.98%) 242 (30.06%) 408 (29.5%) 214 (31.0%)

Never married 362 (13.81%) 105 (13.04%) 171 (12.4%) 91 (13.2%)

Alcohol drinking 0.092 0.119

Non-drinker 802 (34.99%) 197 (27.98%) 437 (31.6%) 194 (28.1%)

Low to moderate drinker 1307 (57.02%) 445 (63.21%) 809 (58.5%) 437 (63.2%)

Heavy drinker 183 (7.98%) 62 (8.80%) 136 (9.8%) 60 (8.7%)

Smoking status 0.003 0.150

Never smoker 1336 (50.60%) 344 (42.52%) 605 (43.8%) 278 (40.2%)

Former smoker 683 (25.87%) 237 (29.29%) 423 (30.6%) 210 (30.4%)

Current smoker 621 (23.52%) 228 (28.18%) 354 (25.6%) 203 (29.4%)

Healthy eating index score 54.98 (0.28) 53.54 (0.49) 0.115 54.80 (0.37) 53.61 (0.51) 0.068

Leisure time physical activity level 0.707 0.898

0 times/week 1496 (56.62%) 477 (58.96%) 795 (57.60%) 404 (58.50%)

1–2 times/week 323 (12.22%) 88 (10.87%) 156 (11.30%) 74 (10.70%)

C 3 times/week 823 (31.15%) 244 (30.16) 429 (31.1%) 213 (30.8%)

HCV RNA (?) 135 (5.10%) 114 (14.07) \ 0.001 124 (9.0%) 100 (14.5%) 0.001
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were anti-HBs negative had a significant
increase in cancer mortality (Fig. 4 and Table 4).
The results remained unchanged when we
removed participants with missing values for
covariates, and excluded participants with pos-
itive HCV RNA or liver cirrhosis. However, this
association was only borderline significant after
propensity score matching (aHR 1.416, 95% CI
0.965–2.077, P = 0.076). In the subgroup anal-
yses, compared with their counterparts, the
associations between anti-HBs and mortality
were more substantial among participants who
were younger than 65 years old, male, of other
ethnicities, and without chronic diseases
(Fig. 5). When stratified by age at death to
evaluate the effect on premature death, the

associations were similar to our main results
(Supplementary Material Table S3).

DISCUSSION

Surveillance procedures after HBsAg loss are not
well established, and the role of anti-HBs
remains controversial. In this national popula-
tion-based prospective cohort study, individuals
who were older, male, non-Hispanic white,
unvaccinated against hepatitis B and anti-HBs
negative, and those who had lower education
and physical activity levels, current smoking
status, and coexisting cirrhosis or chronic dis-
eases had higher mortality among patients with

Table 3 continued

Characteristicsb Before propensity score matchinga After propensity score matching

Anti-HBs (1) Anti-HBs (2) Pc Anti-HBs (1) Anti-HBs (2) P

APRI score ([ 2.0) 33 (1.24%) 21 (2.59%) 0.053 28 (2.0%) 18 (2.6%) 0.244

FIB-4 score ([ 3.25) 83 (3.13%) 56 (6.91%) 0.002 67 (4.8%) 44 (6.3%) 0.090

Self-reported chronic diseases

Diabetes 387 (14.63%) 165 (20.37%) 0.014 285 (20.6%) 144 (20.8%) 0.954

Hypertension 906 (34.25%) 319 (39.28%) 0.011 532 (38.5%) 272 (39.4%) 0.738

Cardiovascular diseases 363 (13.72) 131 (16.17%) 0.382 208 (15.1%) 108 (15.6%) 0.779

COPD 196 (7.41%) 66 (8.14%) 0.928 118 (8.5%) 62 (9.0%) 0.804

Liver condition 226 (8.54%) 129 (15.92%) \ 0.001 184 (13.3%) 116 (16.8%) 0.040

Cancer or malignancye 189 (7.14%) 59 (7.28%) 0.921 112 (8.1%) 50 (7.2%) 0.543

Hepatitis B vaccine 0.188 0.196

All 3 doses 585 (24.66%) 127 (17.91%) 255 (20.6%) 113 (18.6%)

Less than 3 doses 70 (2.95%) 26 (3.66%) 29 (2.3%) 22 (3.6%)

No doses 1717 (72.38%) 556 (78.42%) 950 (76.9%) 471 (77.7%)

aAll estimates accounted for complex survey designs
b9, 31, 459, 6, 80, and 374 participants had missing information for baseline education level, marital status, alcohol drinking,
smoking status, BMI, and hepatitis B vaccine, respectively
cBefore propensity score matching, for categorical variables, P value was calculated by Rao-Scott v2 test, which is a design-
adjusted version of Pearson v2 test. For continuous variables, analysis of variance adjusting for sampling weights was used to
calculate P value
dAwareness and therapy of HBV infection only available in NHANES 2013–2018
eSkin cancer was not included
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resolved HBV infections. In particular, anti-HBs-
negative status was associated with an increased
risk of death from all causes and cancer for
adults with resolved HBV infections. Our data
revealed that the role of anti-HBs in resolved
HBV infection should not be ignored, and more
rigorous surveillance is needed for isolated anti-
HBc-positive populations.

Comparison with Other Studies

Rigorous surveillance of the entire population
of individuals with resolved HBV infections is
neither necessary nor likely to be cost-effective.
Risk stratification and targeted surveillance
strategies may be needed. Surveillance proce-
dures after HBsAg loss are not well established,
and there are few related reports. Recently, a

Fig. 4 Kaplan–Meier estimates of overall survival in
NHANES 1999–2018. Participants were assigned by
hepatitis B surface antibody. a All cases; P for all

cause\ 0.001; P for cancer = 0.002. b Participants with
cases of CHC and cirrhosis removed; P for all cause\
0.001; P for cancer = 0.036
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Table 4 Hazard ratios (95% CIs) of mortality with hepatitis B surface antibody

Multiple imputations for all missing valuesa Removed participants with missing values

P value HR Lower 95% CI Upper 95% CI P value HR Lower 95% CI Upper 95% CI

All-cause mortality

Model 1b \ 0.001 1.39 1.19 1.64 0.000 1.46 1.22 1.74

Model 2c \ 0.001 1.34 1.13 1.56 0.000 1.39 1.16 1.66

Model 3d 0.030 1.23 1.02 1.46 0.014 1.25 1.04 1.50

Heart mortality

Model 1b 0.111 0.73 0.50 1.07 0.290 0.80 0.54 1.20

Model 2c 0.100 0.73 0.50 1.06 0.207 0.77 0.51 1.15

Model 3d 0.090 0.71 0.48 1.06 0.141 0.73 0.49 1.10

Cancer mortality

Model 1b 0.004 1.62 1.16 2.26 0.006 1.67 1.16 2.41

Model 2c 0.013 1.54 1.09 2.16 0.015 1.58 1.09 2.28

Model 3d 0.042 1.44 1.01 2.05 0.048 1.46 1.00 2.13

Removed participants with CHC Removed participants with cirrhosis

P value HR Lower 95% CI Upper 95% CI P value HR Lower 95% CI Upper 95% CI

All-cause mortality

Model 1b 0.000 1.49 1.23 1.80 0.000 1.47 1.22 1.77

Model 2c 0.000 1.44 1.20 1.75 0.000 1.42 1.18 1.72

Model 3d 0.004 1.32 1.09 1.60 0.003 1.33 1.10 1.61

Heart mortality

Model 1b 0.487 0.86 0.57 1.29 0.299 0.80 0.53 1.21

Model 2c 0.403 0.84 0.56 1.26 0.228 0.77 0.51 1.17

Model 3d 0.233 0.77 0.51 1.17 0.114 0.71 0.47 1.08

Cancer mortality

Model 1b 0.023 1.59 1.06 2.38 0.016 1.63 1.09 2.43

Model 2c 0.036 1.54 1.02 2.30 0.026 1.57 1.05 2.36

Model 3d 0.045 1.52 1.01 2.29 0.034 1.56 1.03 2.35

All cases after PSM (2:1) Removed cirrhosis and HCV (after PSM 3:1)

P value HR Lower 95% CI Upper 95% CI P value HR Lower 95% CI Upper 95% CI

All-cause mortality

Model 1b 0.002 1.34 1.11 1.61 0.000 1.42 1.16 1.73

Model 2c 0.005 1.31 1.08 1.58 0.001 1.41 1.15 1.72
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study has shown that age, cirrhosis, family his-
tory of HCC, and alcohol consumption can
independently predict HCC development after
HBsAg loss in highly endemic settings [18].
However, that study did not consider outcomes
other than HCC (such as cirrhosis, HBsAg
seroreversion, and HBV reactivation). All-cause
mortality is one of the most critical and final
health outcome indicators. Risk factors for
increased mortality among US adults with
resolved HBV infection remain unclear. In our
analysis, age, race, marital status, smoking sta-
tus, physical activity level, cirrhosis, and self-
reported diagnoses of diabetes, cardiovascular
diseases, COPD, cancer, and anti-HBs were sig-
nificant factors for increased mortality. We also
developed and validated a nomogram tool for
risk stratification of mortality among individu-
als with resolved HBV infections, which can
provide a valuable reference for surveillance
decisions.

As a common indicator of hepatitis B and
immune status screening, we paid special

attention to the role of anti-HBs. Previous
studies have focused on hepatocellular carci-
noma risk after HBsAg loss, most of which
achieved favorable clinical outcomes compared
to viral suppression without HBsAg loss [19–21].
However, despite the protective effect of HBsAg
loss, the role of anti-HBs seroconversion
remains controversial. Some studies have noted
that anti-HBs seroconversion does not affect the
risk of hepatocellular carcinoma or the dura-
bility of functional cure once achieved HBsAg
loss [22, 23]. In contrast, other studies also
confirmed that anti-HBs seroconversion might
impact the durability of NA- or PEG-IFN-in-
duced HBsAg loss [24–26]. Therefore, large-scale
prospective data were needed to unveil the role
of anti-HBs seroconversion in long-term health
consequences.

To the best of our knowledge, this study is
the first to show the association between hep-
atitis B surface antibodies and mortality in a
representative prospective cohort of a resolved
HBV infection population. The effect of anti-

Table 4 continued

All cases after PSM (2:1) Removed cirrhosis and HCV (after PSM 3:1)

P value HR Lower 95% CI Upper 95% CI P value HR Lower 95% CI Upper 95% CI

Model 3d 0.012 1.27 1.05 1.53 0.005 1.33 1.08 1.62

Heart mortality

Model 1b 0.365 0.82 0.54 1.24 0.348 0.81 0.53 1.24

Model 2c 0.305 0.80 0.53 1.21 0.328 0.81 0.53 1.23

Model 3d 0.202 0.76 0.50 1.15 0.212 0.76 0.50 1.16

Cancer mortality

Model 1b 0.073 1.41 0.96 2.06 0.092 1.46 0.94 2.27

Model 2c 0.091 1.38 0.94 2.03 0.113 1.43 0.91 2.23

Model 3d 0.076 1.41 0.96 2.07 0.116 1.43 0.91 2.24

aAccounted for complex survey designs and sampling weights
bAdjusted for baseline age, sex, and race/ethnicity
cFurther adjusted for education level, marital status, body mass index, alcohol use, and smoking status
dAdditionally adjusted for baseline histories of healthy eating index scores, leisure time physical activity level, diabetes,
hypertension, cardiovascular diseases, emphysema or chronic bronchitis, cirrhosis, HCV, liver condition, and cancer
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HBs on mortality among resolved HBV infec-
tions in our study appears to be consistent with
the results in the general and renal dialysis
populations after vaccination [9, 27]. Previous
studies have confirmed that intact immune
responses are needed for the anti-HBs response
to hepatitis B vaccination, and this response
could be influenced by individual inflammation
or health status. Therefore, the anti-HBs
response could be an additional independent
predictor of mortality [27]. In our study, com-
pared with individuals who were anti-HBs pos-
itive, individuals who were anti-HBs negative
had worse baseline health status. The protective
effect on all-cause and cancer-related mortality
may also reflect the overall health status of the
participants. However, some protective effects
remained in the fully adjusted model or after
PSM, suggesting that these factors could not
fully explain the impact of anti-HBs in reducing
mortality.

The associations between anti-HBs and
mortality among resolved HBV infections might
be explained by the following reasons. First, in
some cases, HBV cannot be eradicated because
of the persistence of cccDNA and HBV DNA
integration; HBV reactivation can occur spon-
taneously or upon immunosuppression [28].
The reactivation of HBV can accelerate the
death of patients in the setting of immuno-
compromised conditions or in those who suffer
from serious diseases [29–31]. The ability of
anti-HBs to inhibit the reactivation of the hep-
atitis B virus thus partly leads to a reduction in
mortality. The role of anti-HBs in inhibiting the
reactivation of the hepatitis B virus may further
reduce mortality, partially explaining our find-
ings. Secondly, in acute hepatitis B, anti-HBs
usually appear a few weeks after HBsAg sero-
clearance (in CHB, it may take much longer);
anti-HBs can prevent viral spread from cells that
remain infected after hepatitis resolution [23].
This notion is supported by the evidence that
chimpanzees with resolving hepatitis B are
protected from viral rechallenge [32]. In addi-
tion, our study indicated that participants who
were anti-HBs negative had a higher percentage
of HCV RNA positivity and higher FIB-4 scores
than patients who were anti-HBs positive at
baseline. FIB-4 scores can be used to assess the
severity of liver fibrosis and correlate with dis-
ease outcomes [14]. Isolated anti-HBc has also
been reported to be associated with coinfection
with HCV, HIV, and occult HBV infection in
previous studies [3, 33, 34]. Those factors may
also be associated with increased all-cause
mortality in participants who are anti-HBs
negative (Fig. 6).

Although HBsAg loss is currently considered
the optimal therapeutic endpoint of hepatitis B
infection, the role of anti-HBs in resolved HBV
infection should not be ignored. Anti-HBs
seroconversion may offer some potential bene-
fits for patients with resolved HBV infection.
Thus, our results support that more rigorous
surveillance is needed for isolated anti-HBc-
positive populations. Additionally, hepatitis B
vaccination and screening for occult hepatitis B
might be required for this group.

Fig. 5 Associations between hepatitis B surface antibody
and risk of all-cause mortality stratified by baseline sex,
race, age, BMI, hepatitis B vaccination status, and chronic
diseases diagnoses in NHANES 1999–2018. Risk estimates
were adjusted for baseline age (not adjusted in subgroup
analysis by age), sex (not adjusted in subgroup analysis by
sex), and race/ethnicity (not adjusted in subgroup analysis
by race)
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Strengths and Limitations of this Study

The advantages of this study lie in its large
sample size, national representativeness, high
follow-up rate, and long-term mortality. More-
over, various potential confounding factors,
including socioeconomic and health status,
were adjusted or balanced to guarantee reliable
results. In addition, our data are more repre-
sentative and extensive because the population-
based data used here represented a more com-
prehensive range of patients and could be more
applicable to routine clinical practice. However,
in regular randomized controlled trials, patients
with multiple comorbidities or who are at high
risk of HBV reactivation are often excluded.

This study has several limitations. First, this
study lacks data on HBV regular monitoring,
and occult HBV (liver and serum HBV DNA) has
not been assessed in this study. However, occult
HBV infection among individuals with resolved
HBV infections is extremely low (the median
prevalence was 1% as reported) [35, 36], and
isolated anti-HBc positive populations were
reported to be associated with occult HBV
infection [33, 34], which further supports our
conclusion that people who are anti-HBs nega-
tive and have resolved HBV infections seem to
need more surveillance. Second, only qualita-
tive results of anti-HBs were obtained, and the

results were not continuously measured. The
proportion of patients with positive anti-HBs
may increase or decrease over time after HBsAg
loss [3, 19, 24], which might lead to the mis-
classification of the individuals in the anti-HBs
group. In addition, some study data, such as
HCC and liver-related mortality, were missing.
However, recent findings supported that HBV
might be involved in general cancer develop-
ment (not merely hepatocellular but also non-
hepatocellular cancers) [37], and our data
supported that anti-HBs might generate some
beneficial effects on cancer development. Last,
the theoretical link between anti-HBs negativity
and overall mortality remains quite poor. Fur-
ther studies are needed to monitor anti-HBs-re-
lated outcomes and reveal the underlying
mechanism. Long-term studies are still needed
for anti-HBs-related outcomes in individuals
who are chronic carriers of HBsAg who achieved
HBsAg loss in highly endemic settings.

CONCLUSIONS

Age, race, marital status, smoking status, phys-
ical activity level, cirrhosis, diabetes, cardiovas-
cular diseases, chronic obstructive pulmonary
diseases, cancer, and anti-HBs were all signifi-
cant factors for increased mortality among

Fig. 6 Potential theoretical link between hepatitis B surface antibody and risk of mortality
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individuals with resolved HBV infections,
which may be a helpful reference for surveil-
lance-related decision-making. Anti-HBs-nega-
tive status was associated with an increased risk
of all-cause and cancer-related mortality among
US adults with resolved HBV infections. This
indicated that the role of anti-HBs in resolved
HBV infection should not be ignored as a part of
humoral immunity. Therefore, more rigorous
surveillance is needed for populations of indi-
viduals who are isolated anti-HBc positive. Fur-
ther studies are needed to monitor anti-HBs-
related outcomes and reveal the underlying
mechanism. Clinical trials on the long-term
health consequences of HBsAg loss in highly
endemic settings are also warranted.
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