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South Africa is facing a high burden of COVID-19 pandemic with low-vaccine coverage in the African Region. We aimed to
investigate the temporal changes and impacts in health behaviors on vaccine acceptability in pre-, during-, and post-vaccine roll-
out periods. In this cross-sectional study, we used the combined data from the nationally conducted “COVID-19 Vaccine Surveys
(CVACS)” (May 2020-February/March 2022). Semiparametric regression models were used to capture the nonlinear association
between the vaccine acceptability and health behaviors. Our study provided compelling evidence for a substantial decline in
COVID-19 vaccine trust which shifted from 62%-70% to 26%—42% overtime. Participants younger than 40 years of age were less
likely to receive the vaccine before it became available. However, this association changed in the postvaccine period with significant
uptake in vaccine acceptance in younger groups. South Africans who identified themselves as black were more likely to intend to
receive (aORs ranged: 1.93—3.60) and to trust the vaccine’s safety and efficacy (aORs ranged:1.79—1.23) in all time periods. “Mask
wearing” and “frequent hand washing” were the most commonly reported behaviors. Given the lower rates of vaccine acceptability
and a reduction in preventative health behaviors, monitoring the spread of infections is crucial and may have significant clinical

and epidemiological implications.

1. Introduction

South Africa has one of the highest burden of coronavirus
disease 2019 (COVID-19) related comorbidities in the African
region [1-3]. The country also had delays in vaccine delivery
programs which was also observed in other low- and-middle-
income countries [2-5]. As of November 2022, ~50% of the
adults had received one or more doses of vaccine compared to
70% of the global average [6]. There is growing evidence that
vaccine hesitancy, a phenomenon observed globally, is also
contributing to lower vaccine uptake in African countries,
including South Africa [7-12]. There is overwhelming evi-
dence for the benefits of vaccination and high vaccine cover-
age in reducing COVID-19-related hospitalizations and death

[13-15]. This is particularly crucial for South Africa since the
country is also the epicenter of the human immunodeficiency
virus (HIV) infection and has one of the highest tuberculosis
(TB) rates in the world which have been adversely impacted
by the pandemic [1, 16]. Besides the adverse biological inter-
actions between these infections, HIV and TB testing and
treatment have also declined substantially since the begin-
ning of the pandemic [1, 2].

Using the combined data from the seven rounds of nation-
ally representative surveys (May 2020—February/March 2022),
the current study aimed to investigate the temporal changes in
vaccine acceptability and health behaviors using the semipara-
metric regression models [17]. These flexible statistical tech-
niques can capture changes in an exposure without imposing
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linearity assumption overtime while adjusting for potential
confounders. Our combined survey population provided a
unique opportunity to identify the correlates and temporal
changes in vaccine acceptability and health behaviors across
the three clinically and epidemiologically important time
periods: (1) prevaccine roll-out (May—December 2020); (2)
during-vaccine roll-out (February—-November 2021); and (3)
postvaccine roll-out periods (February—March 2022). In our anal-
ysis, we also estimated age-specific individual and population-
level impacts of vaccine roll-out periods on vaccine accept-
ability and changes in health behaviors such as mask wearing,
social distancing, and hand washing/sanitizing. These inves-
tigations potentially be crucial for evaluation of past and current
vaccine promotion campaigns and can be used in planning
and modifying future vaccine implementation programs.

2. Materials and Methods

2.1. Study Design and Population. The current study used
the combined data from the national surveys conducted to
measure COVID-19 vaccine acceptability among adult South
Africans. Details of the surveys are described elsewhere
[18-24]. We summarized them briefly as follows.

2.1.1. National Income Dynamics Study-COVID-19 Rapid
Mobile (NIDS-CRAM) Survey. The survey investigated the
socioeconomic impacts of the national lockdown associated
with the State of Disaster declared in South Africa in March
2020, and the social and economic consequences of the global
COVID-19 pandemic [18-22]. NIDS-CRAM is a follow-up
with a subsample of adults from households in the National
Income Dynamics Study (NIDS) Wave 5 (2017). Five rounds
of surveys were telephonically conducted during the period of
May 2020-2021 among those who consented to participate in
the surveys (N =30,370).

2.1.2. COVID-19 Vaccine Surveys (CVACS) 1 and CVACS 2.
The CVACS were designed to collect information on barriers
to COVID-19 vaccine uptake in South Africa. In CVACS 1,
conducted between 15 November and 15 December 2021, the
study team interviewed (via telephone) 3,510 individuals who
were unvaccinated against COVID-19 (vaccination status was
self-reported). In CVACS 2, from 23 February to 25 March
2022, the study team attempted to reinterview the original
CVACS 1, sample of 1,386 were successfully reinterviewed,
with 386 reporting vaccination between the surveys. Additionally,
a new sample of 2,222 unvaccinated individuals was interviewed,
bringing the total to 3,608 unvaccinated individuals for the
second survey [23, 24]. Design weights were applied to
account for sample selection and nonresponse.

All surveys included individuals 18 years or older and the
data are collected with computer-assisted telephone inter-
viewing (CATI). Participants provided informed consent,
indicating that they understood the purpose of the survey
and agreed to participate voluntarily. All surveys aimed to
measure multiple outcomes, such as vaccination knowledge,
attitudes, and beliefs (including specific concerns); vaccina-
tion intentions (plans to get vaccinated), vaccine access con-
straints, and information seeking.
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Data from all surveys were aggregated across the time
periods in such a manner that respondents from different sur-
veys, such as CVACS and NIDS-CRAM participants, were cat-
egorized based on the time periods of their participation. For
example, individuals who participated in any of these surveys
during the “prevaccine” period were collectively categorized
as “prevaccine” respondents, regardless of the specific survey
they were part of. Consequently, each time period—"“prevac-
cine,” “during-vaccine,” and “postvaccine” phases—consisted
of unique individuals. Therefore, the study was considered to
have as cross-sectional design.

2.2. Measurements. The surveys employed CATI for data
collection, with trained interviewers using this system to
conduct standardized, telephone-based surveys, and record
responses in real-time. Prior to each interview, informed con-
sent was obtained from participants, ensuring they understood
the survey’s purpose, voluntary nature, and the confidentiality
of their responses. Demographic data collected included age,
sex, education (<grade 12 vs. grade 12+), and employment
status (employed vs. not employed), along with specific vari-
ables related to COVID-19, such as vaccine knowledge, atti-
tudes, intentions, barriers to access, and information-seeking
behaviors. CATT’s structured approach guaranteed consistent
questioning and immediate data entry, enhancing data quality
and accuracy. Additionally, strict data privacy protocols were
followed to ensure participant anonymity and secure data stor-
age, accessible only to authorized team members.

2.2.1. Outcome Measurements. In this combined population,
we considered the following vaccine acceptability and health
behaviors as outcome measurements: (1) intention to receive
vaccine (i.e., “I would definitely get vaccinated”) (yes/no); (2)
trusting vaccine’s safety and efficacy, i.e., vaccine is safe (i.e.,
“no side effects, vaccine prevents getting COVID-19 and
dying from COVID-19”) (yes/no); (3) self-perceived risk:
no risk (“I would definitely not get sick with COVID-19”)
(yes/no); behavior changes since the pandemic; (4) “always
wears a mask in public” (yes/no); (5) “washing hands fre-
quently” (yes/no); and (6) “avoiding crowd/social distanc-
ing” (yes/no). The survey time points were categorized and
grouped as: (1) “before-vaccine roll-out” (May—December
2020); (2) “during-vaccine roll-out” (February—November
2021); and (3) “postvaccine roll-out” (February—March 2022).
Since the COVID-19-related behavior changes were only avail-
able in NIDS-CRAM surveys, we regrouped the rounds of sur-
veys as: (1) “before vaccine roll-out” (May—December 2020); (2)
“during vaccine roll-out” (February—March 2021); and (3)
“postvaccine roll-out” (April-May 2021). We only used non-
missing data.

2.3. Statistical Analysis. Percentages and y” tests were used to
compare the characteristics of the study populations across
the three survey periods: (1) before-, (2) during-, and (3) post-
vaccine roll-out. Multivariable logistic regression models were
used to identify the significant correlates of the primary out-
come variables while accounting for the multistage sampling
design (weighted). Adjusted odds ratios (aORs) and their 95%
confidence intervals (CIs) were presented. We also assessed
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the significant features of the changes in vaccine acceptability
and behavior changes in two steps.

Step 1: Quantitative and Visual Assessments of Changes
in Vaccine Acceptability and Health Behaviors.

We used semiparametric regression models to capture nonlin-
ear association between the outcome variable(s) and the age, which
was analyzed as a continuous variable and fitted as a smoothed
function of splines for a binary outcome variable [17]:

Logit (P (intention to receive vaccine;; = 1)) =s(t) + Uy + €jj-

(1)
Intention to receive vaccine corresponds to the ith individual
at jth time was formulated as a function of penalized spline:

s(6) =Bt + T () @)

For each individual, (;); z;(.), ..., z(.) is the spline functions
and o? is the penalization of the spline coefficients s,(.), ...,
sk(.); U;; ~N(0.07,), the random component due to the
repeated measures; £;; ~ N (0, 07) and overall error associated
with the model where “degrees of freedom” (e.d.f) were
estimated for each model and p <0.05 were interpreted as
significant evidence for a nonlinear association between an
outcome variable and the study visits. Using a “weighted
average” of the binary outcomes, the methodology was also
able to plot a smoothed curve of adjusted ORs across the age.

Step 2: Identifying Threshold Age Using “Zero-Crossing
Derivatives” Method.

If the semiparametric model presents an evidence for a
nonlinear association between the ORs of an outcome vari-
able (e.g., vaccine acceptability) as a continuous function of
age (i.e., e.d.f>2), then we used the “zero-crossing” tech-
nique which produces “first and second derivatives” to iden-
tify the threshold for age when the odds ratios changed
significantly [25]. In this setting, the first and second deriva-
tives of the regression curves and their confidence bands
were also presented. Increases/decreases of the model esti-
mated fits were interpreted as significant “curvature” if their
confidence bands cross the “zero-line.”

2.3.1. Population-Level Impact of Survey Periods on “Vaccine
Acceptability” and “Health Behaviors”. We estimated the
proportion of “vaccine acceptability” and “changing health
behaviors” was associated with the vaccine roll-out periods.
The population attributable risk percent (PAR(%)) was esti-
mated using the prevalence of an exposure and aORs from
the multivariable models [16]:

ips(ORs - 1) 1

PAR(%) = —=

14+ Yp(OR,=1)+1
s=1

where OR; and p,, s =1, ..., S. Data were analyzed using Stata
16.0 (College Station, TX). We also used the software pack-
age “SemiPar” ([R-3.5.3 (2019-03-11)]) [26], with a “logit”
link function. The scripts were written using the R-software
package (3.5.3) (https://cran.r-project.org/web/packages/Se
miPar/SemiPar.pdf) and presented in Supplementary 1.

3. Results

Overall, the median age of the survey participants was
38 years (interquartile range (IQR): 29-50). Approximately
81% of all survey participants identified themselves as Black.
Table 1 describes and compares the various sociodemo-
graphic characteristics by three periods: “before-vaccine
development/roll-out,” “during-vaccine roll-out,” and “post-
vaccine roll-out.” Compared to those at postvaccine roll-out
period, survey participants in pre-/during-vaccine roll-out
periods were significantly more likely to be female (47% vs.
62% and 61%, respectively), low educated (40% vs. 53%
(both)). In our combined population, vaccine acceptability
declined significantly from 62% to 26% in pre- and post-
vaccine roll-out periods, respectively (p-value < 0.001) (Table 1).
Similar declines were observed in proportion of those who indi-
cated trusting vaccine’s safety and efficacy (77% to 42%,
p<0.001). Meanwhile, a proportion of those who indicated
wearing masks in public increased from 6% to 30% overtime
while frequent hand washing declined from 62% to 50%. Less
than 10% of the study population indicated avoiding crowd/
social distancing as their main health behavior change since
the pandemic started.

3.1. Correlates of Vaccine Acceptability. The demographic
and socioeconomic correlates of “intention to receive vac-
cine,” and “trusting vaccine’s safety and efficacy” are pre-
sented in Table 2. Compared to the other ethnicities, Black
ethnicity was more likely to intend to receive a vaccine in all
three time periods (aOR: 1.93, 2.28, and 3.60, respectively)
(Table 2). They were also more likely to trust the vaccine’s
safety and efficacy (aORs: 1.79, 2.17, and 1.23 for pre-, dur-
ing-, and post-vaccine roll-out). Older participants (40+)
were 60% and 66% more likely to intend to receive a vaccine
in pre- and during-vaccine roll-out only. Lower socioeco-
nomic indicators including low education and unemploy-
ment were also correlated with increased odds of vaccine
acceptability and trust during and post vaccine roll-out.
These characteristics were correlated with individuals who
had low perceived risk.

3.2. Age-Specific Temporal Changes in Vaccine Acceptability
and Trust: Visual and Quantitative Assessments. Our find-
ings from semiparametric regression models confirmed sig-
nificant nonlinear associations between age and intention to
receive vaccine overtime and appeared more prominent in
the postvaccine period (Figure 1(a)). Model estimated degrees
of freedom (e.d.f) were 6.31 (p<0.001), 4.05 (<0.001), and
2.96 (p=10.0456). Results from the “zero-crossing” method
confirmed the age 40 to be the cut-point when the odds of
having intention to get vaccinated were changed significantly


https://cran.r-project.org/web/packages/SemiPar/SemiPar.pdf
https://cran.r-project.org/web/packages/SemiPar/SemiPar.pdf
https://cran.r-project.org/web/packages/SemiPar/SemiPar.pdf
https://cran.r-project.org/web/packages/SemiPar/SemiPar.pdf
https://cran.r-project.org/web/packages/SemiPar/SemiPar.pdf

Advances in Public Health

‘skoAins SOVAD PUe NVIO,

100°0> %9 %8 %IT Surue)SIP [B1D0S/PMOID PIOAY
100°0> %08 %TS %€9 Apuanbaixy puey Surysep
100°0> %0€ %ST %9 orqnd ur ysew Surreapy
61-ATAQD 01 2np J01ARYq paduey)
100°0> %EL %9 %99 YSIT MO[ paaed1ad-Jas
— biYa4 %89 %LL Aoeorgge pue £)ayes s aurdoea Junsnif,
100°0> %9T %0L %29 JUIDOBA JATOIAI 0} UOTIUU
— — — — SOpNINIE PUE SJAI[2q UL A
— %LS %LS %¥S pakordwaun
- %EY %€V %9% swoout/pakorduryg
100°0> - — — snye)s Juowkordwyg
— %09 %Ly LY T1 9peID<
- %0% %E€S %E€S Tl opeID>
100°0> - — — uonespy
— BLL %6L %98 oeg
- %ET %1T %Y1 LYo
100°0> — — — Aorugyg
_ %L %19 %79 Srewa,]
- %S %6E %8¢ SN
100°0> — — — pelN
— %1 %1 %S1 sxeak +09
— %S1 %11 %1 sxeak 6505
— %91 %0¢C %0¢C sxeak 67—0F
— %¥E %8¢C %LT s1eak 6¢-0¢
100°0> %ET %6T %9T s1eak 0>
— sxeah (16-0¢€) LE sxeak (15-67) 8¢ sxeak (67—67) LE (4OI1) uerpaw 93y
anpep-d (220T YoIBIN—ATeNIQa,]) INO [[OI JUIILAISOJ (120T 12qUI2AON—ATENIQa,]) JNO [[0X duDILA-FULIN (0707 12qu202(J—ABJAT) INO [[OI JUIIBAIIJ SONSLId)ORIRYD)

“(0££°0¢ =N) potrad no-jo1 suoea £q suonendod £pnis a1} Jo sonIsLILIORIRYY) ] H14V ],



Advances in Public Health

100°0> (0T'T ‘80°T) 0T'T 0890 (ST'T ‘10°0) 20'T 0190 (0T'T “58°0) L60 pakordwa JoN

o 1 o 1 _ I pakopdurg
snyeys Juawkorduryg

100°0> (7T 8T°T) 0€'T 100°0> T 0TT) CET 0LL0 (ST'T‘06°0) 20T T1 opeIH>

— 1 — 1 — I 71 opeIn
[2A9] uonesnpyg

T10°0 (€TT¢o1) TI'1 100°0> (SLTLET) ¥ST 100°0> (LETOTT) €TT s1edk +0F

— 1 — 1 — 1 s1eak Op>
By

100°0> (LETOTT) €TT 100°0> (05T 68°1) LT'T 100°0> (80°C 0S1) 6471 yoerg

— I — 1 — 1 SIYIO
Kyoruygg

100°0> (T9'T “1€°T) L¥'T 9LL°0 (FT'T ‘16°0) TO'T G580 (ST'T 06°0) T0'T deud]

— 1 — I — I SN
Xa§

Aoeorgge 10/pue £)ofes s 2umoes Junsniy,

100°0> (T9°T ‘0€°T) S¥'T 6L0°0 (€21 ‘66°0) OT'T 1LL°0 (€1'T “16'0) 2O'T padordwa JoN

o 1 o I — I pakorduryg
snye)s Juawkorduryg

100°0> (00T 95°T) #L'1 100°0> (FS'T FTT) 8€'T SPT0 (0T'T “£6'0) 60°T T1 dpeIn>

— 1 — I — I 71 9peIn<l
[2A9] uonesnpyg

£59°0 (60T 88°0) 86°0 100°0> (8T ‘6¥°1) 991 100°0> (94T “TF'1) 09°T s1eak +0F

— 1 — 1 — 1 s1eak Op>
By

100°0> (9TF €0%) 09°¢ 100°0> (S9°T96°1) 8T'C 100°0> (STTF991) €6'1 el

— I — I — I SIYO
Apugg

100°0> (LLTTFT) 09'T §S6°0 (TI'T 06°0) 00°T S6£°0 (90T ‘S8°0) S6°0 S[ewdg

— I — 1 — I e
pelN

pajeurdoea 328 03 uonUU]
anpep-d (1D %56) AO Pa3snlpy aneA-d (ID %S6) 4O passnlpy aneA-d (ID %56) O pasnlpy

wQEmEEUNH&LU

(2207 YoIBIN—ATeNIQa,]) INO [OT JUIDILAISOJ (1707 12qUI2A0N—ATENIQa,]) JNO [[OI dUDIBA-FULIN

(0207 12quI209J—ABJAT) INO [[OI UIIBAIJ

‘spot1ad Jno-fjox auroea £q sioraeyaq yjeay, pue Ajipqeidsooe

QUIDIBA, | JO $JR[DIIOD) T 414V,



Advances in Public Health

‘[Ppow UOI$$aI3aT ONSI0] S[QRLIBANNT 3Y) WOIJ I8 SONEI SPPO,

7100 (£6'0 “08°0) 88°0 100°0> (98'T “IS°T) £9°T 100°0> (61T 9LT) L6'T pakordwa JoN

o I . I — 1 pakorduryg
snyeys Juawkorduryg

100°0> (1£°0 85°0) #9'1 100°0> T 6TT) TE'T 100°0> (95°T “9T'T) 0F'T T1 dpeIn>

— 1 — I — I 71 9peIn<
[2A9] uoneINpy

100°0> (9£°0 29°0) 69°0 100°0> (2T6°0 7L0) €870 100°0 (260 5£°0) €8°0 s1eak +0F

— 1 — I — 1 s1eak 0p>
By

100°0> (08°0 “29°0) 020 100°0> (T81 SE1) LS'T 100°0> (SL'T8T°1) 05°1 e

i T i 1 - 1 SI_YIO
Kyorugg

100°0> (6£°0 ¥9°0) 1£0 6690 (P11 “26'0) TO'T 860 (TI'T °06°0) 00'T Srewd

— I — 1 — 1 SN
X3S

&mCiSE ﬁoiuu,ﬁ&
anpep-d (1D %S6) MO pasnlpy onfep-d (ID %S6) MO pasnlpy onfep-d (ID %S6) MO parsnlpy

SOTISLIdlORIRYD)

(2207 YoIRIN—ATeNIQa) INO [OI SUIILAISOJ

(1207 19qUI2AON—ATENI9,]) INO [[01 dUIBA-SULINg

(0207 12quI29J—ABJAT) INO [[O1 UIIBAIIJ

‘panunuoy) :g 14V],



Advances in Public Health

Prevaccine roll out
(May-December 2020)
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Postvaccine roll out
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FIGURE 1: Age-specific temporal trends in vaccine acceptability by vaccine roll-out: NIDS-CRAM and CVACS surveys®: (a) Intention to get
vaccinated and (b) trusting vaccine’s safety and efficacy. SaOR, adjusted (for age, sex, ethnicity, education, and employment status) odds
ratios for the outcomes (i.e., vaccine acceptability); e.d.f, expected degrees of freedoms from the semiparametric regression models; PAR (%),
percent vaccine acceptability (i.e., intention to get vaccinated) associated with the vaccine roll-out periods. For example, compared to the
“postvaccine” period, those who participated in “prevaccine” period were 3.6 times more likely to indicate that they would get vaccinated
when the vaccine developed; in a combined study population 24% of the mask users were exclusively associated with prevaccine period; this

proportion increased to 45% during the vaccine roll-out period.

in pre- and during-vaccine (Supplementary 2). However, these
associations appeared to disappear at the postvaccine roll-out
(Supplementary 2). Similar trends were observed in trusting
the vaccine’s safety and efficacy with e.d.f =6.01, 3.2, and 2.39
in pre-, during-, and post-vaccine roll-out periods, respectively
(Figure 1(b)). There was a marked shift in age distribution
between pre-/during- and post-vaccine roll-out where the
odds of vaccine acceptability increased from 0.43 to 0.80 in
pre-/during-vaccine periods to 1.10-2.33 in postvaccine roll-
out period (Figure 1(b)).

3.3. Age-Specific Temporal Changes in Health Behaviors:
Visual and Quantitative Assessments. We observed an inverse
U-shape association between age and the most commonly
reported health behavior changes including “wearing mask”
and “frequent hand washing” overtime with e.d.f. from
the semiparametric regression models ranging from 2.21
to 3.62 (Figure 2(a)). Results from the “zero-crossing” method
confirmed the age group of 4060 years of age, which were
the approximate cut-point when the odds of wearing mask
increased significantly in all time periods. At a population-level,
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Figure 2: NIDS-CRAM surveys: age-specific temporal trends in changing behaviors due to COVID-19% (a) wearing mask in public, (b)
washing hands frequently, and (c) avoiding crowds/social distancing, “aOR, adjusted (for age, sex, ethnicity, education, and employment
status) odds ratios for the outcomes (i.e., behavior changes); e.d.f, expected degrees of freedoms from the semiparametric regression models;



Advances in Public Health

PAR (%), percent behavior changes (mask, washing hands or avoiding crowds/social distancing) associated with the vaccine roll-out periods.
For example, compared to the “prevaccine” period, those who participated in “postvaccine” period were seven times more likely to report
“wearing mask in public”; in a combined study population 52% of the mask users were exclusively associated with postvaccine period.

more than 52% of the mask users were exclusively associated
with postvaccine roll-out period. This substantial impact was
due to the strong association between this healthy behavior and
postvaccine period (aOR: 7.00). Odds ratios associated with ages
40-60 were substantially higher for “frequent hand washers”
compared to those outside these cut-points, conversely, they
were less likely to report “avoiding crowd/social distancing”
(Figures 2(b) and 2(c), respectively).

4. Discussion

Results from our study provided compelling evidence for
a significant decline in vaccine acceptability which shifted
from 62%-70% in pre- (May-December 2020) and during-
vaccine roll-out periods (February 2021) to 26% (November
2021-March 2022) in postvaccine period. We also observed a
significant decline in the proportion of people who trusted the
vaccine’s safety and efficacy which essentially mirrored the
trends observed for those who intended to receive a vaccine
in all time periods. These results are not surprising since con-
cerns around safety and efficacy of the vaccine have been
strongly associated with vaccine hesitancy and widely reported
globally as well as in other African populations [9-11, 27-31].

Our estimates are comparable with the studies conducted
in before-vaccine development and delivery. High rates of
vaccine acceptability were previously reported in China, the
United Kingdom, the United States, and European countries
[27-33]. Shortly after COVID-19 was declared as pandemic,
80% of the “COVID-19-SCORE Global Survey” participants
indicated intention to receive a vaccine when vaccines
become available. However, our study is the first to report
substantial decline in vaccine acceptability in the postvaccine
period based among South African adults.

Despite the substantial decline overtime, the highest rates
of vaccine acceptability were observed in Black South Africans
and groups with lower socioeconomic conditions including
low education and unemployment which were all significantly
associated with increased odds of vaccine acceptability in all
time periods. These factors have recently been associated with
low vaccine acceptability in other African countries including
Ghana, Kenya, and Nigeria [3, 9, 10, 34]. In contrast to our
findings, higher socioeconomic conditions have been frequently
linked to vaccine acceptability and uptake in African countries
such as Kenya as well as other countries [10, 30, 34, 35]. High
education and income were previously associated with vaccine
uptake in African countries [34, 35]. The trends observed in our
study were previously reported in school-age children vaccina-
tion, where families with low socioeconomic conditions were
more likely to allow their child to be vaccinated, compared to
those with high socioeconomic conditions [36, 37]. As expected,
correlates of trusting vaccine’s safety and efficacy were similar to
those who intend to receive vaccine in all time periods. In our
study population, individuals who trusted vaccine’s safety and

efficacy were 23 times more likely to be vaccine acceptant than
those who did not (data not shown).

The semiparametric regression models brought further
insights into the age-specific vaccine acceptability across the
vaccine development and roll-out periods. Results from the
“visual” and “quantitative” analysis from these flexible statis-
tical models, revealed a significant shift in age distribution
and intention to receive vaccine overtime. Survey partici-
pants younger than 40 years of age were less likely to have
the intention to receive a vaccine at pre- and during-vaccine
development periods. However, this association flipped in
the postvaccine period with significant uptake in vaccine
acceptance among those younger than 40 years of age. Con-
sistent with these results, younger survey participants were
also more likely to express concerns around safety and effi-
cacy of the vaccine early on, in pre- and during-vaccine roll-
out. However, this association appeared to disappear in the
postvaccine period when rates of trusting vaccine’s safety
and efficacy increased among the younger survey partici-
pants, while primarily declined in older age. These results
collectively indicate that despite some increases in vaccine
acceptability in younger groups in the postvaccine roll-out
period, semiparametric regression models revealed flat regres-
sion curves which may be due to declines in vaccine accept-
ability in older age survey participants.

In terms of health behaviors, results from our analysis
also highlighted substantial temporal changes in health beha-
viors reported by the survey participants. Despite a decline
from 62% to 50% overtime, frequent hand-washing was
reported as the most common health behavior reported
to prevent COVID-19 in all time periods. Wearing masks
increased from 6% in prevaccine period to 30% postvaccine
period which was previously reported in other populations.
This significant increase was primarily attributed to the
mask-mandate imposed by the government during the pan-
demic (https://www.samedical.org/) [38], which was also
reported previously. Along with social distancing, mask wear-
ing was one of the first behavior changes imposed in many
countries since the pandemic started in 2020 [39-41]. How-
ever, our findings provide empirical evidence for relatively
low acceptance rates of mask wearing among South Africans
which was also reported in other African countries including
Ghana and Uganda [42-45]. Despite advice from the medical
and epidemiological researchers to keep mask requirements,
as of June 23, 2022, South Africa lifted the mask requirements
in public. Social distancing and avoiding crowds were signifi-
cantly less common in this population and reported as 11%
when the pandemic emerged and dropped to 6% in the post-
vaccination period.

More than 3 years into the pandemic, South Africa con-
tinues to have a high burden of infections with excess mor-
tality rates which are primarily linked to COVID-19-related
complications [38, 46]. The effectiveness of the vaccines for
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reducing COVID-19-related hospitalizations and death is
overwhelming [9, 10]. Despite this, as of November 2022,
compared to the global vaccine coverage of 70%, less than
50% of the adults in South Africa have had at least one dose
of vaccine [6]. The country also has the significant burden of
HIV and TB infections globally which have been impacted
adversely by the pandemic in many ways including a signifi-
cant decline in testing and treatment across the country [1].
Therefore, low vaccination coverage in South Africa may
have far more serious clinical and public health implications
of widespread infection not just of COVID-19 but HIV
and TB.

5. Limitations of This Study

The current study has several limitations, and results should
be interpreted with a caution. We analyzed the data if they
were collected in all seven surveys. Survey questions were
self-reported, therefore subject to recall bias. The authors
recognize that participants with no education may have dif-
ferent beliefs and attitudes compared to those with some or
higher education. However, the small proportion of partici-
pants with no schooling (4% in CVACS and 3% in NIDS-
CRAM) limited our ability to conduct a robust analysis using
this specific categorization. Most of our analyses, including
population-level impacts of vaccine hesitancy in South Africa
are novel to this study and cannot be compared with previ-
ous research.

6. Conclusion

Our study found a significant drop in vaccine acceptability in
South Africa, from 62%—-70% to 26% postvaccine, a trend not
seen in countries like China, the United Kingdom, or the
United States. This decline was accompanied by decreased
trust in vaccine safety and efficacy. Notably, Black South
Africans and those with lower socioeconomic status showed
higher vaccine acceptability, contrary to trends in other Afri-
can countries. Younger participants, under 40, demonstrated
increased vaccine acceptance in the postvaccine period. While
hand-washing remained common, mask-wearing increased,
likely due to government mandates. Given these findings, we
recommend targeted interventions to address vaccine hesi-
tancy, especially among older adults, and sex-specific strate-
gies to close the vaccination gap. Mandates and awareness
campaigns emphasizing the risks of COVID-19, along with
leveraging vaccinated individuals as ambassadors, could also
be effective. These findings suggest that the reasons for low
rates of vaccine acceptability and a reduction in protective
health behaviors in South Africa may differ from those in
other regions, highlighting the need for country-specific pub-
lic health strategies. We recommend targeted interventions to
address vaccine hesitancy, especially among older adults, and
sex-specific strategies to close the vaccination gap. Moreover,
promoting culturally and socially relevant awareness about
vaccination, reinforcing social norms, and highlighting the
health risks associated with COVID-19 could be effective.
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Data Availability

The current study used the several publicly available data
from https://www.datafirst.uct.ac.za/. Analytical codes were
written using the publicly available R-Software package
““SemiPar” ([R-Version 3.5.3 (2019-03-11)]) (https://cran.
r-project.org/web/packages/SemiPar/SemiPar.pdf) (Supple-
mentary 1). If the paper gets accepted, the authors will share
all data (publicly available) and software code written in
publicly available software ([R-Version 3.5.3 (2019-03-11)])
(http://cran.r-project.org/) using a public repository.
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This file includes the specific R codes used in our study to
model the data on how age influences vaccine acceptability
and associated health behaviours, using the semi-parametric
regression models. The included code is designed to guide
researchers through the process of data analysis, from data
preparation to the execution of semi-parametric models.
(https://cran.r-project.org/web/packages/SemiPar/SemiPar.

pdf).

Supplementary 2. “Zero Crossing”. This file includes visual
presentations from the “Zero Crossing” method to determine
critical age threshold(s) where changes in vaccine accep-
tance behaviour become statistically significant. After fit-
ting the semiparametric regression models, the “Zero
Crossing” technique is applied through first and second
derivative plots. This approach is illustrated by analysing
the intention to receive a vaccine across three distinct
phases: Pre-vaccine rollout, During-vaccine rollout, and
Post-vaccine rollout.
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