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Dynamic predictors of COVID-19 vaccination
uptake and their interconnections over two
years in Hong Kong

Jiehu Yuan 1,7, Yucan Xu1,7, Irene Oi Ling Wong2, Wendy Wing Tak Lam1,3,
Michael Y. Ni 1,4,5, Benjamin J. Cowling 2,6 & Qiuyan Liao 1

The global rollout of COVID-19 vaccines faces a significant barrier in the form
of vaccine hesitancy. This study adopts a dynamic and network perspective to
explore the determinants of COVID-19 vaccine uptake in Hong Kong, focusing
on multi-level determinants and their interconnections. Following the frame-
work proposed by the Strategic Advisory Group of Experts (SAGE), the study
used repeated cross-sectional surveys to map these determinants at multiple
levels and investigates their interconnections simultaneously in a sample of
15,179 over two years. The results highlight the dynamic nature of COVID-19
vaccine hesitancy in an evolving pandemic. The findings suggest that vaccine
confidence attitudes play crucial roles in vaccination uptake, with their
importance shifting over time. The initial emphasis on vaccine safety gradually
transitioned to heightened consideration of vaccine effectiveness at a later
stage. The study also highlights the impact of chronic condition, age, COVID-19
case numbers, and non-pharmaceutical preventive behaviours on vaccine
uptake. Higher educational attainment and being married were associated
with primary and booster vaccine uptake and it may be possible to leverage
these groups as early innovation adopters. Trust in government acts as a
crucial bridging factor linking various variables in the networks with vaccine
confidence attitudes, which subsequently closely linked to vaccine uptake.
This study provides insights for designing future effective vaccination pro-
grammes for changing circumstances.

In January 2020, the World Health Organisation (WHO) declared cor-
onavirus disease 19 (COVID-19) a pandemic. Since then, the world
experienced numerous epidemic waves. Around 7 million deaths have
been reported as of May 2023 when the WHO declared that COVID-19
“no longer constitutes a public health emergency”1. The true death toll is
even higher. COVID-19 vaccines were developed at record speed in

response to the emergence of COVID-192, with vaccination campaigns
having been rolled out worldwide since late 2020 and early 2021. How-
ever, despite strong evidence on the effectiveness of current COVID-19
vaccines for preventing severe illness, hospitalisation, and deaths asso-
ciated with COVID-193–5, vaccine hesitancy remains widespread and an
important barrier to high population uptake of the vaccines6.
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COVID-19 vaccine hesitancy is complicated and shaped by an
array of psychosocial and contextual factors as well as their
interactions7–10. The WHO Strategic Advisory Group of Experts (SAGE)
on Immunisation Working Group proposed a framework to map
determinants of vaccinehesitancy into threemaincategories including
individual and interpersonal factors, vaccine/vaccination specific fac-
tors, and contextual factors11. Individual factors included demo-
graphics, perceived risk of the pandemic7,12, adoption of alternative
preventive behavioural patterns13,14, perceived self-efficacy in pre-
venting the infection7,12, trust in government15,16, physical health
status14,17,18, and psychological distress18–20. Vaccination can be moti-
vated by self-protection or protecting the loved ones21. Hence, inter-
personal factors indicating by one’s co-habiting characteristics17,22 are
also important determinants of vaccine acceptance. Vaccine/vaccina-
tion specific factors refer to vaccine safety, vaccine side effects, vac-
cine efficacy, and vaccine delivery and administration such as price,
accessibility, vaccine pass and mode of administration19,23,24. Vaccine
hesitancy is specific to contexts. At the contextual level, the evolving
pandemic situation (i.e., reported cases and death numbers)25, one’s
living neighbourhood (indicating the influence of personal socio-
economic status)20,26,27, and the widespread misinformation from
social media28 can also shape people’s vaccine hesitancy.

While mapping the multilevel determinants of vaccine hesitancy
or uptake simultaneously can depict a comprehensive picture for
guiding the design of vaccination programme21, existing studies on
COVID-19 vaccine hesitancy or acceptancemainly included individual/
interpersonal and vaccine-specific factors29–31. Contextual determi-
nants of vaccination uptake received increasing attention but were
usually studied separately with other levels of determinants15,20,27. It is
suggested that individual and vaccine-specific factors are inter-
connected to co-shape people’s vaccination decision32. There remains
limited understanding about how the contextual factors interact with
individual and vaccine-specific factors. In this study, following the
framework proposed by WHO SAGE on Immunisation Working
Group11, we adopted a network approach to map individual, inter-
personal, vaccine-specific and contextual determinants of vaccine
hesitancy simultaneously33. Compared with conventional statistical
models such as multivariable (linear or logistic) regression models, a
mixed graphical network approach has the strengths of incorporating
various data formats and allowing mutual interactions amongst vari-
ables andhence can reveal complex pathways lying betweenmultilevel
factors and vaccine uptake33.

Vaccine hesitancy is also dynamic, changing with the evolving
situation13. First, public perceptions of the disease risk versus vaccine
risk can change due to the rapid evolution of the pandemic situation
and policy response34. Second,media focusmay shift fromdisease risk
to vaccine risk as disease incidence in the community declines and
vaccines become widely available35. Third, people’s experiences with
the new vaccines also evolve as more people initiate their vaccination,
which in turn reshapes their attitudes toward the vaccines and inten-
tion to take a second or third dose of the vaccines36,37. Furthermore,
policies or official recommendations for COVID-19 vaccination have
been constantly changed as more evidence on the characteristics of
diseases and the efficacy of vaccines became available38. One key
change lies in the shift of the initial recommendation for completing
two doses of COVID-19 vaccines (the primary doses) to the uptake of a
third dose (booster dose) 6months after receiving the primary doses39

due to observing a decline in neutralising antibodies among vacci-
nated individuals40. Strategies for promoting the uptake of the primary
and booster vaccinations should be different41, highlighting the
importance of a tailored approach for vaccination promotion by stage
of the vaccination campaign. Overall, it indicates that it is essential to
monitor and track the dynamics of determinants of vaccine uptake
throughout the vaccination campaign. A few large-scale population-
based studies have been conducted to tackle the temporal changes of

determinants on vaccination. These studies concluded that the key
determinants of vaccine uptake varied by stage of the pandemic and
vaccination campaign6,7,19. However, these studies only covered a short
rather than the whole period (from the initial rollout to a scale-up
phase) of the COVID-19 vaccination programme.

Hong Kong represents an excellent case study for reviewing the
vaccination campaign in the context of high vaccine accessibility but
low vaccine acceptability42. Hong Kong launched its vaccination pro-
grammeby offering two types of free vaccines for its people: themRNA
vaccine BNT162b2 (BioNTech/Fosun Pharma/Pfizer) and the inactivated
vaccine CoronaVac (Sinovac), since February 202143. Sufficient vaccines
for thewhole population of over 7millionwere procured andmade free
and easily accessible for the population by setting up multiple vacci-
nation centres in the community44. Therefore, vaccine accessibility was
not considered to be amajor barrier to vaccination uptake in this study.
However, public confidence in the vaccines was greatly dampened by
various negative vaccine-related news such as sudden deaths immedi-
ately following COVID-19 vaccination45. Various strategies have been
employed to boost the population’s vaccination uptake in Hong Kong.
Three months after the vaccine rollout, the government invited the
business sectors and social organisations to provide various incentives
to encourage vaccine uptake in the population, including materials
gifts, financial incentives, and vaccination leaves46. In viewof thewaning
immunity and the emergence of new virus variants, the Hong Kong
government started topromote a third dose booster uptake in high-risk
groups on 3 November 2021. The booster recommendation was
expanded to the general population who finished their primary doses
uptake for at least six months on 23 November 202144. However, by 23
December 2021, shortly before Omicron was introduced into the
community, only49%ofpersons aged60years or abovehad receivedat
least two doses of COVID-19 vaccination in Hong Kong and only 7% had
received a third dose. The low vaccination uptake in Hong Kong resul-
ted in more than 200 deaths per day during the explosive epidemic
wave caused by the Omicron BA.2 variant from February to April 2022,
pushing the city’s daily COVID-19 mortality rate to the highest in the
world47. On 21 February 2022, the Hong Kong government started to
implement its most stringent vaccine mandatory arrangement (or
“VaccinePass”), requiring all eligiblepersons to receive at least onedose
of COVID-19 vaccine to gain access to specified premises. The vaccine
mandate was later expanded to cover children aged 5–11 years on 30
September 202244. The chronology of pandemic waves and major vac-
cination programme events are shown in Fig. 1

The catastrophic impact of COVID-19 pandemic has revealed flaws
in the vaccination programme, while some were locally relevant, most
were more systematic and ubiquitous across jurisdictions. A successful
vaccination programme requires timely and responsive understanding
of vaccination determinants. We aimed to answer a crucial yet under-
investigated researchquestion:What are thekeydeterminants and their
interactions associated with the primary and booster vaccination
uptake at different stages of the COVID-19 vaccination campaign?
Drawing experiences from Hong Kong, we aimed to inform more effi-
cient vaccination programmes that are relevant for the international
communities. We sampled a large, representative sample in successive
epidemic waves throughout the pandemic to systematically compare
important determinants of vaccine uptake at different stages. A com-
prehensive and identical set of individual psychosocial and contextual
variables which can be mapped onto three levels were included: indi-
vidual/interpersonal level (i.e., COVID-19 risk perceptions, trust in gov-
ernment, physical and mental health status, and demographics),
contextual level (i.e., living community vulnerability level, pandemic-
related situation changes such as COVID-19 report cases and death
numbers), and vaccine/vaccination specific level (i.e., COVID-19 vaccine
confidence) to assess which are more important for people’s vaccine
uptake. We used a mixed graphical network model to depict the mul-
tiple and complex interconnections between all these variables within a
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system. We also examined textual responses to depict people’s vaccine
hesitancy reasons at a later phase of the vaccine rollout (11months after
the vaccination programme had been launched).

Results
Study timeline
As of 31 December 2022, Hong Kong has experienced five pandemic
waves. The first four waves weremilder, resulting in less than 1% of the
population being infected, while the fifth one was severe with high
morbidity and mortality (Fig. 1). The rollout of the vaccination pro-
gramme started in themiddle of the fourth pandemic wave. Our study
timeline covered a period from the initial rollout of the COVID-19
vaccination programme to a break period following the waning of the
fifth wave of the pandemic in Hong Kong, a period when Hong Kong
gradually entered the post-pandemic era44. Repeated cross-sectional
telephone surveys were successively conducted (at weekly/bi-weekly/
monthly interval) during our study timeline. Based on the timeline of
the pandemic waves, we combined and divided our surveys into four
periods: a period during the fourth pandemic wave (P1: Feb 22 – May
31, 2021), a post-fourth wave period (P2: June 1–Dec 30, 2021), a period
during the fifth wave (Omicron wave) (P3: Dec 31, 2021–Apr 30, 2022),
and a post-fifth wave period (P4: May 1–Dec 30, 2022) (Fig. 1). The
division of the four survey periodswas alignedwith themajor stages of
COVID-19 vaccination campaign in Hong Kong: P1 covers an initial
period of vaccine rollout before the introduction of various incentive
strategies; P2 represents a scale-up phase when various incentives
were introduced to boost vaccination uptake, with promotion

focusing on completion of the primary doses uptake (the first two
vaccine doses); P3 is a period when the vaccine pass policy was
announced and implemented to promote uptake of the third dose
booster; and P4 represents a scale-up phase with progressively strin-
gent requirements and specific penalties were introduced for children
and adults who had received fewer than three vaccine doses.

Participants’ characteristics and vaccine uptake across the four
periods
Across P1-P4, a total of 15,179 participants completed the surveys and
were included in data analyses. Distribution of participants’ gender,
age, educational attainment, and employment status were comparable
with the most recent census data based on effect size, except for a
higher proportion of female and older participants in P4 (Table 1). In
P1, of 3523 participants, only 14.8% (95%CI: 13.7–16.0%) reported that
they had received the first dose of COVID-19 vaccines. In P2, of 7056
participants, the first-dose completion rate increased to 64.6% (95%CI:
63.5–65.7%), four to 11 months after the vaccine rollout. The second
dose completion rate was 56.8% (95%CI: 55.6–58.0%), slightly lower
than the uptake rate of the first dose. By P2, the booster-completion
rate remained low (3.2%, 95%CI: 2.5–4.0%). In P3, of 2580 participants,
22.4% (95%CI: 20.8–24.1%) reported that they had received the booster
dose while the uptake rate of the two primary doses reached 77.5%
(95%CI: 75.9–79.1%). In P4 of 2020 participants, the booster-
completion rate increased to 75.1% (95%CI: 73.2–77.1%), while the
primary-doses completion rates reached 92.9% (95%CI: 91.7–94.0%).
Temporal changes of the first-, second-, and third-dose vaccine uptake

Fig. 1 | COVID-19 pandemic waves, survey periods and major policies in
Hong Kong. There are generally five pandemic waves and two post-wave periods
up to the end of 2022. The vaccine programme in Hong Kong started in February
2021, whenwe began collecting data onCOVID-19 vaccination intention anduptake
from the public on a regular basis. We partitioned the survey periods according to
the pandemic wave to investigate the dynamic changes of the COVID-19 pandemic
and public vaccine acceptance. a Period 1 covers the period from the initiation of
the vaccine programme to the end of the fourth epidemic wave. Priority vaccina-
tions were first arranged for five high-risk groups since the end of February 2021.
The vaccine eligibility was expanded to cover adults aged 30 or above since 15
March 2021, andwas further expanded to cover all residents aged 16 or above on 15
April 2021. b Period 2 corresponds to the post-fourth wave period, where the only

cases detected were in inbound travellers and which largely overlapped with the
vaccine promotion programme featuring various incentives to boost vaccination.
c Period 3 corresponds to the fifth wave, during which vaccine booster promotion
and a mandatory vaccine pass scheme were implemented. The Hong Kong gov-
ernment started to promote a third dose booster uptake in high-risk groups on 3
November 2021. The booster recommendation was expanded to the general
population who finished their primary doses uptake for at least six months on 23
November 2021. d Period 4 represents the post-fifth wave when the vaccine pass
scheme included progressively stricter requirements and greater restrictions for
the unvaccinated. The outcome in Periods 1 and 2 was the 2-dose primary vacci-
nation series, while the outcome in Periods 3 and 4 was the third dose vaccine
booster.
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rates amongst surveyed participants throughout the study periods are
provided in Fig. 2. We also provided vaccine uptake rates by partici-
pants’ demographics and their self-reported level of trust in govern-
ment in Supplementary Table 1.

Dynamic changes of determinants associated with vaccine
uptake through a network lens
We included a set of identical determinants that were potentially
associated with vaccination uptake to estimate the network in each

period to optimise the comparability of networks across P1–P4 (Fig. 3).
Overall, the network explained 10.1% in P1, 18.2% in P2, 9.5% in P3 and
12.6% in P4, variance of the vaccine uptake. The predictability was
comparable across networks, with that for P2 being slightly higher than
those in other periods, indicating that the determinants included in the
network can explain a greater proportion of variance in the vaccine
uptake in P2. As is shown in Fig. 3, several major patterns can be iden-
tified by comparing the networks across P1–P4. First, vaccine con-
fidence variables consistently clustered together and linked closely to

Table 1 | Participants’ demographics comparing with population distribution using census data

Demographic characteristics P1 (Feb 22–May 28
2021) (%)

P2 (Jun 21–Dec 16
2021) (%)

P3 (Jan 3–Mar 10
2022) (%)

P4 (Jun 6–Nov 17
2022) (%)

Total sam-
ple (%)

Population
distribution (%)a

Sample size (N) 3523 7056 2580 2020 15,179

Genderb

Female 57.6 60.4 57.2 64.8 c 59.8 52.9

Male 42.4 39.6 42.8 35.2 c 40.2 47.1

Age group (years)

18–24 8.0 6.5 5.5 4.8c 6.5 6.9

25–34 13.4 11.9 11.4 11.7c 12.1 14.6

35–44 14.5 13.7 15.4 12.8c 14.1 16.7

45–54 14.8 15.8 16.1 14.0c 15.4 18.0

55–64 16.8 16.6 16.4 16.1c 16.6 20.1

65 or above 30.5 33.1 33.1 38.3c 33.2 23.7

Educational attainment

≤Primary 16.9 18.2 17.1 20.9 18.1 18.9

Secondary 44.0 43.5 46.0 43.7 44.1 45.9

≥Tertiary 37.8 36.6 35.6 34.1 36.3 35.2

Employment status

Employed/Students/home
makers/retirees

94.6 94.6 94.5 95.4 94.7 90.0

Unemployedd 3.9 3.7 4.2 3.1 3.8 2.4
aPopulation data were obtained from the 2021 Hong Kong census data.
bSelf-reported gender.
cEffect sizeequal orgreater than0.30comparedwith thepopulationcensusdata. Effect sizewas calculatedwith the formulaω =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pm
i= 1

ðp0 ið Þ�p1 ið ÞÞ2
p0 ðiÞ

q

wherep0 andp1 are theobservedproportions in the
ith category of the census data and survey data, respectively. An effect size of ≥0.30 indicating a moderate-to-above differences between the sample and the population structure in terms of
demographic distributions.
dUnemployment group included unemployed persons or who reported that not working for other reasons.

Fig. 2 | Weighted proportion of vaccine uptake by number of doses completed
across 17 survey weeks and the four divided periods of the study (N = 15,179).
Bar graph illustrating the proportions of the first dose/second dose/third dose of
vaccine uptake, weighted to the adult population based on Hong Kong census data

in 2021, with 95% confidence interval ± about 3%. 95%CI was calculated with the
normal approximation. The below horizontal bar shows the period, specific dates,
and sample size for each survey wave.
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vaccine uptake across P1–P4, representing the most proximal deter-
minants associated with both the uptake of the primary vaccine doses
and the booster dose. Second, demographic variables exhibited great
proximity to the vaccine uptake, with chronic disease status and age
among all included demographic variables having the strongest edges
linking to vaccine uptake across P1–P4. Third, the contextual factors,
including the social vulnerability of participants’ residential community,
the number of reported cases 2 weeks before the survey date (hereafter
we termed it as number of cases), and the number of deaths 2 weeks
before the survey date (hereafter we termed it as number of deaths),
were generally independent of vaccine uptake, with only the number of
cases being associated with the uptake of primary vaccine doses in P1.
Fourth, the edges between non-pharmaceutical preventive behaviours
and vaccine uptake persistently existed. However, risk perceptions of
COVID-19 and psychological distress were placed more peripherally in
the networks across P1–P4, suggesting that these variables were not
central for determining vaccine uptake.

Relative importance of determinants of vaccine uptake across
the four waves
We further extracted the relative importance (pairwise edge weights)
of all the variables to have a closer look at the exact nature of

interactions between all the variables and vaccine uptake across P1–P4.
The relative importance of continuous variables was directly extracted
from the weighted adjacency matrix. While for categorical variables
that include more than one level (i.e., one parameter for each of
the two or more categorical levels), the edge weight was averaged by
the absolute value of all parameters. The dynamic changes of the
relative importance of determinants associated with vaccination
uptake are shown in Fig. 4. We input the vaccine confidence variables
into the networkmodels separately rather than feeding themodelwith
an aggregated score, which allows us to have a more nuanced under-
standing on which attitudinal variable is more important for vaccine
uptake across P1–P4. It shows that vaccine safety was more important
at the beginning of the vaccination programme, but its relative
importance declined in the later stages of the vaccination campaign.
The relative importance of vaccine effectiveness showed an opposite
trend. Vaccine effectiveness had no significant association with vac-
cine uptake at the initial phase of vaccine rollout but became a key
determinant in P3 and the most important determinant in P4, asso-
ciated with uptake of the booster dose.

Amongst demographic variables, chronic disease status remained
oneof themost important barriers tobothuptakeof theprimarydoses
and the booster dose, but its relative importance gradually declined

a.a. Period 1: primary vaccine doses at initial rollout phase b.b. Period 2: primary vaccine doses at scale-up phase

c.c. Period 3: 3rd dose vaccine booster at initial rollout phase d. d. Period 4: 3rd dose vaccine booster at scale-up phase

Risk Perceptions
RP1: Likelihood of infection
RP2: Severity of infection
RP3: Worry about infection

Efficacy
Tru_self: Trust in self’s capability in prevention
Tru_gov: Trust in government’s capability in prevention

Demographics
Sex: Sex
Age: Age
Education: Education
Employ: Employment

Health
PH: Self-reported health
Stress1: Feeling nervous
Stress2: Not being able to stop worrying
Stress3: Feeling down or depressed
Stress4: Feeling little interest in doing things
Chronic: Chronic diseases

case_14d: COVID-19 report cases
death_14d: COVID-19 death cases
SVI5: Living community vulnerability

Vaccine confidence
VC1: Vaccine is safe
VC2: Important to take
VC3: Vaccine is effective
VC4: Compatible with personal value

Avoidance
Avoid1: Avoid croweded
Avoid2: Avoid going out
Avoid3: Avoid health care
Avoid4: Social distancing
Avoid5: Avoid public transportation
Avoid6: Avoid social gathering

Hygiene
hygiene: Frequency of hygienic behaviours

Cohabit
Marriage: Marital status
Live_chi: Living with children

Main outcome
VA: Primary doses / Booster dose vaccine uptake

VA

RP1

RP2

RP3

Self_eff

Tru_gov

PH

Stress1

Stress2

Stress3

Stress4

Sex

Age

Education

Employ

Chronic

VC1

VC2

VC3

VC4

Marriage

Live_chi

case_14d

SVI5

Avoid1
Avoid2

Avoid3

Avoid4

Avoid5Avoid6

hygiene

VA

RP1

RP2
RP3

Self_eff

Tru_gov

PH

Stress1

Stress2
Stress3

Stress4

Sex

Age
Education

Employ

Chronic

VC1 VC2

VC3

VC4

Marriage Live_chi

case_14d

SVI5

Avoid1

Avoid2
Avoid3

Avoid4
Avoid5

Avoid6

hygiene

VA

RP1

RP2 RP3

Self_eff

Tru_gov

PH

Stress1Stress2

Stress3

Stress4

Sex

Age
Education

Employ

Chronic

VC1

VC2

VC3
VC4

Marriage

Live_chi

case_14d

death_14d

SVI5

Avoid1

Avoid2

Avoid3

Avoid4

Avoid5

Avoid6

hygiene

VA

RP1

RP2
RP3

Self_eff

Tru_gov

PH

Stress1

Stress2

Stress3

Stress4

Sex

Age

Education

Employ

Chronic

VC1

VC2

VC3

VC4

Marriage

Live_chi
case_14d

death_14d

SVI5

Avoid1

Avoid2

Avoid3

Avoid4

Avoid5

Avoid6

hygiene

Contextual

Fig. 3 | Networks of determinants associatedwith vaccine uptake across P1-P4.
All the variables input in the network across the four periods remained the same,
except that number of deaths was included in P3 and P4 but not P1 or P2 due to the
extremely low number of human deaths due to COVID-19 in either period. The
outcome variable (vaccine uptake) was highlighted in yellow square in each panel
figure to ease interpretation. a–d show the conditional dependency amongst all
the nodes within the network from P1 to P4. We manually categorised all the

independent variables into nine domains, as shown with different node colours.
Edge thickness indicates the magnitude of the partial correlation between nodes.
Green edge represents positive association between continuous variables, red
edge represents negative association between continuous variables. No signs were
assigned to interaction involving categorical variables, thereby they presented as
grey colour. The grey circle surrounding the node indicates the predictability of
the node by other nodes.
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from P1 to P4. Older age was found to be negatively associated with
vaccine uptake in P2, butwas positively associatedwith vaccine uptake
in P3, when the most severe pandemic outbreak exploded in Hong
Kong and caused more than 7300 deaths in unvaccinated older
adults47. In response to the high COVID-19 risk, Hong Kong govern-
ment launched the Home Vaccination Service to provide free door-to-
door vaccination service to older adults aged 70 or above, pushing the
at-risk group to take the booster vaccine dose44. Higher educational
attainment and being married were associated with greater uptake of
the primary vaccine doses and a booster dose. Such associations were
particularly strong at the initial promotionof the uptake of the primary
doses and the booster dose (P1 and P3) than in the scale-up phase (P2
and P4). This indicates that better-educated and married groups are
more likely to be the innovation adopters of new vaccination policies
or recommendations.

Number of COVID-19 cases and non-pharmaceutical preventive
behaviours including avoidance behaviours and hygienic behaviours

had negative associations with vaccine uptake. This pattern was
especially evident in P1 when most non-pharmaceutical preventive
behaviours showed a negative association with the primary doses of
vaccine uptake. P1 covers the fourth wave of pandemic when the cases
number surged in the community, and it also covers the initial rollout
phase of the vaccination programme. Several reasons may explain the
negative association between adoption of non-pharmaceutical pre-
ventive behaviours and uptake of the vaccines in P1. First, since the
vaccines were relatively novel for people in this period, people tended
to overestimate the risk of the vaccines (i.e., vaccine safety and side
effects) and hence chose to stick with status quo, which was the
adoption of the safer and more familiar non-pharmaceutical self-pro-
tective measures such as social distancing measures. Second, as peo-
ple had gotten used to non-pharmaceutical measures for self-
protection over 1 year since the pandemic emerged, which together
with the zero-COVID policy in Hong Kong may downplay people’s
perceived risk of the disease and the importanceof vaccines. For some,

Association with 2-dose primary vaccination series Association with 3rd dose vaccine booster

Fourth pandemic wave Post-fourth wave Fifth pandemic wave Post-fifth wave

Vaccine confidence

Demographics

Nonpharmaceutical
preventive
behaviours

Contextual

Health-related

Cohabit status

Risk perception

Perceived
controllability

0.28

0.17

0.08

0.00

0.13

0.07

-0.04

0.00

-0.06

-0.04

-0.04

-0.03

-0.03

0.00

0.00

-0.14

-0.02

-0.15

0.00

0.00

0.00

0.00

0.00

0.11

0.00

-0.07
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Fig. 4 | Dynamic change of important determinants associated with vaccine
uptake across P1-P4. Numbers in the boxes are the absolute edge weights (stan-
dardised) over all variables’ parameters across the four periods. Variables were
ranked by the sum value of each domain in P1. Greater absolute number indicates a
stronger association with the uptake of the primary dose series or the booster dose
of COVID-19 vaccines, while zero indicates no direct association. The signs of edge
parameters were obtained from the interaction function in mgm, green colour
denotes positive association and red denotes negative association with vaccination

uptake. We used abbreviations for some variables in the figure to ease interpreta-
tion. The four variables in the Vaccine Confidencedomain are: “Vac_safety”: COVID-
19 vaccine is safe; “Vac_value”: COVID-19 vaccine is compatible with personal value;
“Vac_important”: Taking COVID-19 vaccine is important; “Vac_effective”: COVID-19
vaccine is effective. The three variables in the Risk Perception domain are:
“RP_worry”: Perceived worry of being infected with COVID-19; “RP_likelihood”:
Perceived likelihood of being infected with COVID-19; “RP_severity”: Perceived
severity of being infected with COVID-19.
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visiting a vaccination centre for taking a vaccine was perceived to be
even more risky14.

Furthermore, we found that “Trust in government” though
showednodirect linkwith vaccineuptake, it is closely linked to vaccine
confidence attitudes. Specifically, greater trust in government was
associated with greater vaccine confidence, which in turn was asso-
ciated with vaccine uptake (Fig. 3). “Trust in government” is also clo-
sely linked to various demographic variables, suggesting that it is an
important bridging node that confers the effects of other nodes onto
vaccine uptake.

Verbal reasons for vaccine hesitancy by age groups
At the later phase of the vaccination programmewhen the vaccine was
rolled out for 11 months, a total of 1043 participants who reported
being hesitant or resistant for taking the vaccine primary doses or
booster doseswere asked about their hesitant reasons. Amongst them,
983 provided at least one reason (Supplementary Table 2). For uptake
of the primary vaccine doses, the most frequently mentioned reasons
were “concern about vaccine safety and effectiveness”, “no urgency to
take a vaccine”, and “having got sufficient antibodies” (due to natural
infections or getting one dose of vaccine) amongst younger groups
aged between 18 to 44 years. The youngest age group (18–24) also
mentioned that “lack of trust in government” was their major reason
(22.2%) for resisting the primary doses of vaccine. Resistant reasons
differed in older groups aged 45 years or above, with “worry about
chronic disease status” ranking at the top, especially amongst those
aged 65 years or above of whom 43.6% mentioned this reason. In
addition, participants aged 65 years or above frequently mentioned
“lack of recommendation and support from doctors, family and
friends” as one major barrier (11.9%) to taking the primary doses of
vaccine. For reasons of refusing the booster vaccine dose, the top
three reasons were similar amongst all the age groups, with concerns
about vaccine safety being the top concern (average 30.8%), followed
by feeling no urgency or low need to take the booster (average 28.6%),
and concern about vaccine effectiveness (average 21.6%). Notably,
worry about chronic disease status was no longer a major reason for
booster vaccination resistance in older adults. Alternatively, older
people tended to refuse a booster dose due to optimistically believing
that they already had sufficient antibodies obtained from natural
infection or the first two doses of vaccines (10.8%).

Sensitivity check
We first checked the stability of our networks. The accuracy of edge
weights of our sample estimates consistently fell within the boot-
strapped confidence intervals across the four networks (Supplemen-
tary Fig. 1–4), indicating that the edge weights of our sample estimate
were overall accurate. We then conducted a sensitivity check using a
7-day time window for COVID-19 report cases and death numbers, the
results remained robust (Supplementary Fig. 5).

Discussion
Pandemic is a situationof high uncertainty, constant changes, andhigh
personal threat. In this study, we utilised real-time population-based
data that covered the entire period of the COVID-19 vaccine rollout, to
systematically investigate determinants associated with the primary
vaccine doses and booster dose uptake. Using multi-level variables,
our study offers insights into how the vaccination programme in a
pandemic context should adapt to the changing situation and related
psychological responses to optimize vaccination uptake.

Building on existing literature that vaccine confidence plays the
key role in people’s COVID-19 vaccination decision7,13,48, our findings
provide more nuanced insights into the changing importance of vac-
cine confidence attitudes for vaccination uptake with the evolution of
the vaccination programme. We found that at the initial stage when
COVID-19 vaccines became available to the public, vaccine safety was

the most important determinant of primary vaccine doses uptake.
Concerns about vaccine safetyweremainly drivenby thenovelty of the
vaccine technology and its rapid development49, and further intensi-
fied by the negative news regarding COVID-19 vaccines and people’s
conspiracy beliefs28,50. As uptake of the primary doses became high,
people gained more confidence about the safety of the vaccine.
However, the resurgenceof COVID-19 outbreaks due to the emergence
of new virus variants and waning immunity51 could dampen people’s
confidence in the vaccine effectiveness. In other words, people’s
attention shifted from the potential harms of the vaccine to its
expected benefits in the later stage of the vaccination programme.

Our network analysis also consistently identified thatpersonswith
chronic disease status were less likely to take the vaccinations across
the whole vaccination programme. Relatedly, older age was found to
be negatively associated with vaccine uptake in P2, but the association
shifted to be positive in P3. Participants’ verbal reasons for vaccine
hesitancy revealed that concern about chronic disease status was the
main reason for refusing the primary vaccine doses uptake in older
adults (Supplementary Table 2). This explains why uptake of COVID-19
vaccine was low among older people before P3 (the Omicron wave),
with around 35%, 50%, and 80% of people aged 60–69, 70–79, and 80
years or above, respectively, had not received any dose of COVID-19
vaccines44, resulting in high daily COVID-19 mortality47. The low vac-
cine uptake among older adults could be attributed to the special
contexts in Hong Kong17,52. First, older people in Hong Kong particu-
larly those with chronic diseases received insufficient information and
no explicit advice from healthcare workers and their family members
on COVID-19 vaccination14. This may link to the facts of lacking con-
tinuity in health care shaped by the existing healthcare system53 and
thatmost older people lived alone orwith their older partners inHong
Kong54. Second, Hong Kong Chinese older adults generally have lower
educational attainment, which limits their ability to utilise health
information for making a medical decision. There were only 11% of
Hong Kong older adults obtained the tertiary education in 202155,
compared to 47.1%, 32.1%, and 38.8%, respectively, in Japan, New
Zealand and theUnitedKingdom56 where a higherwillingness to take a
COVID-19 vaccine was reported among older adults19,57,58. However,
older age was positively associated with uptake of COVID-19 vaccine
during P3, which may be attributable to the joint effect of intensive
media attention on deaths among older people due to COVID-19 and
the implementation of door-to-door mobilisation of vaccination for
older people during this period44.

Previous studies have shown that merely reporting daily case
numbers has little impact on behavioural change, including
vaccination59,60. Our study found that reporting the number of COVID-
19 cases had a negative association with the primary vaccine doses
uptake in P1 and P2, and the association with uptake of the booster
dose disappeared inP3 andP4. Thepattern at the very beginning could
be linked to people’s avoidance of public places (such as vaccination
centres) to protect themselves against infection. However, the number
of reported cases became insignificant in the later stage. This may be
attributed to the growing resilience and familiarity of the prolonged
public health crisis61 and the fact that vaccination no longer aimed at
preventing infection62. Contrary to previous observational studies
concluding that more adoption of non-pharmaceutical preventive
behaviours was associated with higher vaccine uptake50,63, we
observed a consistent negative association between the adoption
of alternative protective behaviour (i.e., “avoiding going out”) and
vaccination uptake. In addition, adoption of an array of non-
pharmaceutical preventive behaviours was all negatively associated
with vaccination uptake at P1, when the vaccine was initially rolled out.
Several reasons may explain this. First, people who avoided going out
may perceive a higher risk of infection by visiting the vaccination
venues. Second, peoplewho avoided/were able to avoid goingoutmay
perceive a low risk of exposure to the viruses and hence perceived a
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low need for vaccination. Third, the negative associations between
different non-pharmaceutical preventive behaviours and vaccine
uptake at P1 indicate that people tended to adopt alternative beha-
viours that they may perceive to be safer when evaluating the pan-
demic risk against the vaccine risk. Fourth, the booster dose was
promoted through the implementation of vaccine pass which required
people to take abooster dose for proof to access certain premises. This
may induce psychological reactance, particularly among people with
higher vaccine hesitancy64. Although there may be reverse causality
that people who had received the vaccine tended to be more relaxed
about taking the non-pharmaceutical measures, we ruled out this
possibility by running additional chi-square tests between vaccine
uptake status and adoption of non-pharmaceutical preventive beha-
viours. We found that the negative association was mainly driven by
the greater proportion of adopting non-pharmaceutical preventive
behaviours in the vaccination non-uptake group (see Supplementary
Fig. 6). Overall, this finding suggests that the non-pharmaceutical
preventivemeasures remained important for peoplewhowould like to
avoid any vaccine side effects or other adverse effects14. Studies con-
sistently found that people’s positive traditional Chinese medicine
(TCM) value can induce negative attitudes toward western biomedi-
cine including vaccination14,52,65. In Hong Kong, some individuals, par-
ticularly older adults14, are more familiar with TCM and perceive that
TCM is less invasive compared with western biomedicine66. Adoption
of non-pharmaceutical measures is important for pandemic control at
the initial stage when vaccines are not available12. However, it also
induces complacency psychology and illusory optimism that vaccines
are no longer needed67, which was found to be the main barrier for
booster dose uptake in our qualitative analysis of participants’ verbal
reasons for vaccine hesitancy. In the later stage of a pandemic, stra-
tegies should focus on mitigation rather than containment, during
which stringent social distancing measures may induce tremendous
societal costs and thereby vaccination is of paramount importance
particularly for individuals at higher risk of severe disease47. In the later
stage, an illusory belief about the effectiveness of non-pharmaceutical
preventive behaviours may be detrimental to promoting vaccination
uptake68.

We also identified potential innovation adopters that could be
targeted at the early stage of a vaccination campaign. Our results
suggest that people with higher educational attainment and reported
married status weremore likely to take the primary vaccine doses in P1
and a booster dose in P3 when the new recommendation or policy for
vaccination was introduced. People with higher education have a
greater ability to comprehend new interventions and policies and are
thereby usually the early innovation adopters69,70. While married peo-
ple’s early adoption of novel intervention is likely to be driven by
prosocial motivation, to take the risk and endure the uncertainty of
vaccine safety to protect their loved ones17. Prior studies found no
clear associations between educational attainment and marital status
with COVID-19 vaccination acceptance in their survey time7,20. Our
study found that these demographics only predict vaccination uptake
at the initially established phase of the vaccination campaign when
taking the vaccination was yet to be normative. Future programmes
can leverage these early adopters to spread the pro-vaccination norm
in the whole population71.

Network results revealed that trust in government is an important
bridging node that connected individual and interpersonal factors
with vaccine-specific factors of confidence attitudes which in turn are
directly and strongly associated with vaccination uptake. Specifically,
individual demographics and perceived risk of COVID-19 and self-
efficacy in preventing COVID-19 were first linked to trust in govern-
ment which further connected to vaccine confidence attitudes. This
indicates that the effects of individual factors on COVID-19 vaccine
hesitancy and uptake could be partly because trust in government
varied by these individual factors. The analysis of the verbal reasons of

vaccine hesitancy suggested that distrust in government was a fre-
quently mentioned reason for refusing the primary vaccine doses
uptake among the youngest people (aged 18–24). We also found that
distrust in the government tended to be co-mentioned with other
reasons. Both the network analysis and the analysis of the verbal rea-
sons consistently indicate that trust in government is important to
bridge different determinants of vaccination uptake, highlighting the
importance of building trust for addressing vaccine hesitancy and
improving vaccination uptake across individuals of different
characteristics.

This study has both theoretical contributions and practical
implications for informing more efficient vaccination programme in
the future. One recent systematic review including 47 studies con-
cluded that there are multiple determinants underlying COVID-19
vaccine hesitancy involving individual vaccine confidence beliefs, trust
in authorities, self-efficacy, information influence, emotional state (i.e.,
fear and anxiety), and social influence72. A strength of the current study
is that it considered the complexity of vaccination decisions through a
network lens, which allowed us to depict the complex interactions
among multiple determinants associated with vaccine uptake. The
included determinants can be mapped onto multilevel: individual/
interpersonal level (i.e., COVID-19 vaccine confidence, trust in gov-
ernment, demographics), contextual level (i.e., residential community
vulnerability level, pandemic-related situation evolution such as
numbersof COVID-19 cases anddeaths), and vaccine-specific level (i.e.,
COVID-19 vaccine confidence attitudes). The various data sources
enable us to construct relatively comprehensivemodels to understand
vaccination uptake. Another strength of this study is the dynamic
perspective in investigations of COVID-19 vaccination. This is espe-
cially relevant as pandemic circumstances involved constant changes
of multiple contexts including disease incidence in the community,
media focus, policies, control measures and associated public risk
perceptions. The dynamic view and investigations warrant a more
accurate picture of real-time public concerns and agenda on COVID-19
and its vaccines, thereby providing timely insights and instructions for
effective risk communication and vaccination promotion.

Our study has several limitations. One limitation of this study is
that in the later stage of the pandemic when the society gradually
returned to new normalcy, we did not measure the full set of variables
at bi-weekly basis inP4,which resulted inonly2weeks’data included in
this period. However, the sample size in each survey week remained
sufficient to estimate population characteristics (see Methods). Sec-
ond, vaccination uptake was self-reported. Despite this, we found a
high correlation between the self-reported vaccine uptake rates in our
surveys and the actual vaccine uptake rates reported by the govern-
ment (r(15) = 0.995, p < 0.01; see Supplementary Table 7), indicating
that the self-reported vaccine uptake was a reliable indicator of actual
vaccination uptake. Third, the repeated cross-sectional study design
does not allowus to establish causal relationships of determinantswith
vaccine uptake. However, our study design answers the relative
importance of determinants and is suitable for surveillance on vaccine
uptake among the public throughout the vaccination campaign per-
iod. It supplemented the shortcomings of high attrition rates and
costly efforts inmaintaining the cohort across consecutive timepoints.
Fourth, we only measured people’s COVID-19 vaccine confidence
attitudes in our survey, therefore, conclusions of current study might
not be able to be generalised to other vaccination contexts. Fifth, we
excluded participants with linguistic and cognitive problems because
these participants may not provide clear responses over a telephone
interview. Such exclusion limits our understanding of vaccine hesi-
tancy in theseminority groups. Last, our networks did not exhaustively
include all variables that were associated with vaccination uptake
which contributed to the relatively low predictability of the networks
for vaccine uptake. Similar studies have reported explained variances
ranging from 10% to 78%73–76. However, those studies used vaccine
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intention instead of vaccine uptake as the main outcome. Compara-
tively, our study showeda similar explained varianceof ~13%asanother
study that reported 15% of explained variance in vaccine uptake77.

Hong Kong’s experience in meeting the challenges of the COVID-
19 pandemic has implications for future vaccination campaign against
a pandemic in other regions of the world except when contexts are
highly divergent. First, communications should highlight and address
the salient attributes of the vaccine concerns dynamically. While
communicating about vaccine safety is important at the early stage of
the vaccination campaign, reinforcing the public’s confidence in vac-
cine effectiveness should be prioritised for promotion of booster dose
uptake. This can be done by giving timely feedback on how vaccine
uptake helps to reduce people’s risk of infection or disease compli-
cations. Second, there could be complacency psychology and illusory
optimism due to overconfidence in the effectiveness of non-
pharmaceutical preventive behaviours, which could dampen motiva-
tion for vaccination when the vaccines become available. This is par-
ticularly the case when the disease incidence in the community is kept
at a low level with the implementation of stringent social distancing
measures. Vaccination campaigns should highlight the unique con-
tribution of vaccine uptake, the potential societal costs of prolonged
social distancing measures, and the importance of mitigation rather
than containment at the later stage of the pandemic. Third, it is pos-
sible to leverage the early innovation adopters including those with
higher educational attainment and who are married to make their
vaccination decision more visible and positive to other wait-and-see
groups. Fourth, it is important to establish trust in the public to pro-
mote vaccine uptake by enhancing people’s confidence in the COVID-
19 vaccines. A possible approach to establish trust is through part-
nerships with influential figures such as political figures of various
political ideologies to reduce hesitancy and mitigate the polarisation
of vaccines78. Fifth, older people were identified as the most hesitant
group to take a novel vaccine, possibly attributing to the contexts in
HongKong. Interventions should specifically focus on older adults and
persons with chronic conditions to reduce their vaccination concerns.
A potentially effective approach is to leverage the doctors’ long-
standing relationshipwith older patients to clarify the safety of COVID-
19 vaccines and address their concerns about their weak physical
function to endure the vaccine side effects14,17. Overall, future vacci-
nation campaigns should timely identify and respond to the various
determinants of vaccine uptake by periodically reviewing the evolu-
tion of the pandemic to mitigate potential loss brought by people’s
unnecessary delayed vaccination decisions.

Methods
Survey data
Data were extracted from populational-based repeated cross-sectional
surveys conducted on aweekly ormonthly basis tomonitor acceptance
of COVID-19 vaccine among the general adults since the COVID-19
vaccination campaign was launched in early 2021 in Hong Kong7,12,79. In
each survey round, we recruited Hong Kong adults aged 18 years or
above using random-digital-dialled telephone interviews with a ratio of
1:1 for landlines and mobile phones. Telephone interviews were con-
ducted using Cantonese or Mandarin which covered over 92% of the
population in Hong Kong55. Individuals with linguistic and cognitive
difficulties to complete a telephone interview were excluded. Verbal
informed consent was collected from eligible individuals before data
collection. The target sample sizewas an alternative of 500or 1000ona
regular interval, which was sufficient to estimate population char-
acteristics (p =0.5)with amarginof error of0.04 and0.03, respectively,
and a 95% confidence interval (t = 1.96)7. Details of sample size and the
response rate for each survey round can be found in Supplementary
Table 3. In each round, core studymeasures such as uptake of COVID-19
vaccines and non-pharmaceutical preventive measures were retained
throughout while studymeasures such as COVID-19 vaccine confidence

variableswere rotated tomaintain a feasible length of the questionnaire
for a telephone interview. We included survey rounds that contained
the core and identical study measures to optimize the comparability of
networks across different periods. Totally, data from 17 survey rounds
(each round of data collection lasted for 3–4 days) were used for the
current network analysis including four rounds for P1, seven rounds for
P2, four rounds for P3, and two rounds for P4. Survey timeline covered
an initial period of vaccine rollout (Mar 2021), a scale-up period for
promoting the completion of the two primary doses of vaccines, an
initial phase of recommending the booster vaccination, and a scale-up
period for promoting the completion of the booster dose (November
2022). This study received ethical approval from the Institutional
Review Board of the University of Hong Kong/Hospital Authority Hong
Kong West Cluster (Reference No.: UW 20-095).

Contextual data
Tomap relevant factors on the contextual level, we also retrieved data
from multiple sources to measure the external environmental influ-
ences on people’s vaccine uptake. Data on daily COVID-19 reported
number of cases and deaths were obtained from the Hong Kong
Centre for Health Protection80. Community-level data were used to
construct the social vulnerability index (SVI) following our previous
study81 using data obtained from the 2021 Hong Kong population
census data55. In casewhere themost recent census datawere yet to be
publicly available, the 2016 by-census data82 were used instead to
construct the SVI. The dataset used for SVI construction is provided in
Supplementary Table 4.

Study instrument
Details of our study instrument and coding strategy are provided in
Supplementary Table 5. To briefly summarise, a multitude of deter-
minants that could potentially explain COVID-19 vaccine uptake were
included in the network analysis, which were determined based on
several systematic reviews on determinants of COVID-19 vaccine
hesitancy29–31 and mapped onto the framework of vaccine hesitancy
determinants proposed by the WHO SAGE Working Group11. The fra-
mework suggested that vaccine hesitancy is multifaced, shaped by
multi-level determinants, ranging from individual/interpersonal fac-
tors to vaccine/vaccination specific and contextual factors21. To cap-
ture the complex interactions amongst multilevel factors in shaping
vaccine uptake, we used a blending of survey-based data and real-
world time-varying contextual data to construct our network models.
The surveys collected individual, interpersonal, and vaccine-specific
factors, while data on contextual factors were obtained from publicly
available official data sources.

Vaccine specific factors. Although vaccine accessibility plays an
important role in determining vaccination behaviour, it was not
applicable in Hong Kong because Hong Kong had procured sufficient
vaccine doses for all its residents andmade it easily accessible through
setting multiple community vaccine centres. Therefore, we collected
vaccine confidence variables (perceptions of vaccine safety, efficacy,
importance and value alignment)48 as indicators of vaccine-sepcific
factors.

Individual factors. This included: (1) risk perception of COVID-19
(perceived personal vulnerability, severity of the diseases and worry
about infection)7,12; (2) perceived controllability of pandemic control
including trust in government in controlling the pandemic and per-
ceived self-efficacy in preventing the infection7,12; (3) physical health
status including chronic disease status and self-reported health
status14,17,18; (4) psychological distress (measured with PHQ-4)19,20; (5)
non-pharmaceutical preventive behaviours including hygienicpractice
and avoidance behaviours13,14; (6) demographic variables: age, gender,
education, and employment7,10,20.
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Interpersonal factors. Given that vaccination is not only an individual
decision but also a prosocial behaviour to protect important others83,
we also included two cohabit characteristics to represent the inter-
personal factors: (7) marriage status17 and (8) whether living with
children22.

Contextual factors. we included the pandemic situation (official
reports on number of cases and deaths)25 and the vulnerability of
people’s residential community20,26,27. The data relating to the con-
textual factors were retrieved from official sources for three con-
textual determinants: (1) average number of COVID-19 report cases
2 weeks before the survey date; (2) average number of deaths caused
by COVID-19 2 weeks before the survey date; and (3) people’s living
community’s vulnerability. We included one’s living community as one
important determinant because studies consistently found that people
who live in more vulnerable neighbourhood had lower vaccination
uptake rates20,26,27 and the communities they lived in were more likely
to form local outbreaks. To construct this determinant, we used the
participant’s self-reported living district to construct a SVI to indicate
the vulnerability of each participant’s living community. Details of SVI
construction methods had been reported elsewhere20,81, the ranking
details can be found in Supplementary Table 6. We did not include
policy-related determinants in our network models because partici-
pants in each pandemic period could experience the same policies,
thus, the impact will be homogeneous. Furthermore, government
policies typically fall behind the actual situation, and it takes time for
the public to receive and decode the policy information and act
accordingly.

Supplementary data. As a supplement to interpret the network find-
ings, we also collected verbal responses from participants to under-
stand their specific vaccine hesitant reasons at a later phase of the
vaccination programme. In nine survey rounds conducted between 6
December 2021 and 14 July 2022 (11 months after the vaccine was
rolled out), participants who had not received any/received only one
dose/received only two doses of COVID-19 vaccines but indicated that
they would be never/very unlikely/unlikely/unsure to take one dose/
the second dose/the booster dose of COVID-19 vaccine in the future
were further asked about the major reasons for being hesitant or
resistant about taking COVID-19 vaccination. The open-ended
responses for why to be hesitant or resistant about taking a COVID-
19 vaccine or a vaccine booster from these nine survey rounds were
coded as reasons for vaccination resistance. Participants were asked to
provide reasons that first came tomind, then the interviewer jot down
notes of participants’ statements and asked follow-up questions of
“any other reasons” to encourage participants to give more than one
reason for their vaccination decision.

Outcome measurement
Different outcomes were used to represent the dynamic change of a
vaccination campaign. The COVID-19 vaccination programme in Hong
Kong initially targeted promoting the completionof the primary series
of vaccine doses from 26 February 2021. On 3 November 2021,
10 months after the programme had been launched and the comple-
tion of the first dose and seconddose had reached above 68% and 65%,
respectively44, the Hong Kong government started to focus on the
promotion of the vaccine booster uptake initially in high-risk groups
including immunocompromised patients, persons with chronic con-
ditions, and older adults aged60or above, and 3weeks later expanded
to general adults who had completed their primary doses uptake for at
least six months44. Following this timeline, we used the booster dose
uptake as the outcome of vaccination uptake if the participant com-
pleted the survey on or after 3 November 2021 (covered P3 and P4).
While participant’s primary vaccine doses uptake was used as the
outcome of vaccination uptake if they completed the study before 3

November 2021 (covered P1 andP2). Primary vaccine doses uptakewas
indicated by the first-dose vaccine uptake suggested by other
studies17,84. Booster dose uptake was defined as the third dose of vac-
cine uptake after completion of the primary series17,41. All vaccination
uptake outcomes were self-reported, which differed from other stu-
dies that combined high vaccination intention with actual uptake
behaviour6,19,48. A recent study suggested that intention cannot always
reflect actual COVID-19 vaccination behaviour85. Our analyses indi-
cated that the self-reported vaccine uptake rates based on our survey
were highly consistent with the actual vaccine uptake rates amongst
eligible population reported by the Hong Kong government, sug-
gesting that self-reported vaccination uptake was a good proxy for
actual vaccination behaviour (see Supplementary Table 7).

Statistical methods
Descriptive analyses and data pre-processing. We first provided
distributions of participants’ sex, age educational attainment, and
employment status across the four study periods (P1-P4) and com-
pared that with the most recent census data55. Proportions and the
corresponding 95% confidence intervals of each dose of vaccination
uptake across P1-P4 were weighted to the population’s age and sex
using the 2021 census data, respectively. For contextual data—the
number ofCOVID-19 cases and death numbers in the community, were
obtained from the official source and plotted the number of report
cases from 23 Jan 2020 to 31 Dec 2022. To account for the potential
impact of contextual determinants on COVID-19 vaccine uptake, we
used a 14-day time window in our main analyses. We also conducted
sensitivity checks on 7-day time window, the results remained robust
(Supplementary Fig. 5). The number of COVID-19 report cases and
deaths were averaged over a 14-day period. Besides, before running
the network analysis, we checked the proportion of missing values in
all the selected variables. We removed two variables in the network
models that had a high proportion of missing values (monthly
household income, missing rate 20.8%; one vaccine confidence item,
missing rate 28.7%; Supplementary Fig. 7). Then multiple imputation
was conducted in R usingmice package86 to replace a small proportion
(nomore than 8%) ofmissing values inother variables, using predictive
mean matching approach for five iterations with 20 imputations.

Network graphs. Data analysis was carried in R version 4.2.3. All
models were visualised as network graphs, with ‘nodes’ representing
variables and ‘edges’ representing the conditional dependency
between the variables33,87. The edgewidthwas intuitively interpreted as
the strengthmagnitude between the variables. The network layoutwas
based on the algorithm of Fruchterman and Reingold from qgraph
R-package88, it generates plots with the most strongly associated
nodes being placed at the centre of the graph and weakly associated
ones at the periphery.

Networkestimates. Amixedgraphicalmodel (MGM)was appliedgiven
that our model involved variables of categorical, continuous and count
data33. One advantage of theMGMmodel is that that it does not require
an a priori commitment to any particular data-generatingmechanism89.
MGM can handle various types of data without unnecessary data
transformation. In addition, unlike other models that focus on one
specific variable or outcome at a time, MGMs can explore the rela-
tionships between all variables simultaneously33,90. In MGM, edges are
parameterised as regression coefficients from generalised linear
regression models. We used R-package mgm to estimate the pairwise
weighted adjacency matrix amongst variables33, then qgraph package
was applied to visualise such edge-weights matrix as a network88. We
adopted the penalty approach, namely, the least absolute shrinkage and
selection operator (LASSO), to obtain a more conservative network
estimation91. The LASSO approach shrinks edge weights by setting
smaller edges to zero, thereby reducing the chance of getting false-

Article https://doi.org/10.1038/s41467-023-44650-9

Nature Communications |          (2024) 15:290 10



positive findings. For current study, we used the Extended Bayesian
Information Criterion and set its hyperparameter to 0.50 to obtain a
succinct network92. Codes for replicating all the results are available on
the Open Science Framework: https://osf.io/r58e7/.

Relative important determinants of vaccine uptake. As mentioned
above, the edge weights can be interpreted as the strength of condi-
tional dependency. Therefore, by assessing the edge weights asso-
ciated with the vaccine uptake node we can provide intuitive
interpretations of the relative importance of various determinants on
vaccine uptake in the networks. We ranked the absolute edge weights
of all variables that had an edgewith the node of vaccine uptake across
P1–P4 to assess the dynamic change of the relative importance of
determinants associated with vaccine uptake. We extracted the sign
(direction of the association) and the relative importance of con-
tinuous variables from the weighted adjacency matrix. However,
for categorical variables with more than one level (i.e., one parameter
for each of the two or more categorical levels), the weight of the edge
for categorical variables was measured by the mean of the absolute
value of all parameters. Because the signs for categorical variables
cannot be directly shown in the graph (they were manifested as grey
lines), we further extracted the specific interaction and their direction
from the parameterised multinomial regression in glmnet, which
models the probability of each level of the categorical predicted
variable with the first category of the predictor variable as the refer-
ence category33. The reference category for categorical variables can
be found in Supplementary Table 5.

Predictability estimates. Predictability in network analysis refers to
how well a node is predicated by all other nodes in the network93. The
predictability for categorical variables was estimated using the nor-
malised accuracy, this indicator was computed by the probability of
the node that can be predicted by all other nodes in the network after
removing the influence that is achieved by the trivial prediction, while
that for continuous variables was indicated by the proportion of
explained variance (R2). Results were visualised using a grey pie chart
surrounding the nodes in the network, with a larger shaded area
indicating greater predictability.

Stability. Post-hoc stability analyses for edge-weight parameters were
conducted to assess the reliability of the network estimation. The
R-package bootnet was used for the stability check91. The accuracy of
edge weight estimates was inferred by calculating the 95% confidence
interval (95% CI) of the weight estimates using the non-parametric
bootstrap. Wider 95% CI indicates more unstable estimate.

Coding of the verbal reasons for vaccine hesitancy. To reduce
redundancy, similar reasons for being hesitant or resistant to take a
COVID-19 vaccine were combined to represent one reason category.
For instance, “I amafraid of vaccine quality” and “I worry about vaccine
safety” were coded as “Concerned about vaccine safety”. Two coders
(J.Y. andY.X.) coded the reasons independently and anydisagreements
were resolved before finalising the coding scheme. Percentage of each
reason category was calculated by age groups and by the primary
doses and booster doses of vaccine uptake.

Data availability
The data of our study are publicly available in an OSF repository:
https://osf.io/r58e7/. There are no restrictions to accessing the data.
The de-identified verbal reasons for individual vaccine hesitancy can
also be accessed through OSF. Data for Social Vulnerability Index
construction were retrieved from several sources (https://www.
census2021.gov.hk/en/district_profiles.html AND https://www.
censtatd.gov.hk/hkstat/sub/so459.jsp AND https://www3.ha.org.hk/
data/HAStatistics/StatisticalReport/2020-2021). Data of COVID-19

report cases and death numbers were retrieved from official source
(https://data.gov.hk/en-data/dataset/hk-dh-chpsebcddr-novel-
infectious-agent (2023)).

Code availability
The analysis codes are publicly available in the same OSF repository:
https://osf.io/r58e7/.
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