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Abstract: The Thai government implemented COVID-19 booster vaccines to prevent morbidity and
mortality during the spreading of the Omicron variant. However, little is known about which types
of vaccine should be invested in as the booster dose for the Thai population. This study aims to
investigate the most cost-effective COVID-19 vaccine for a booster shot as empirical evidence for
Thai policymakers. This study applied a stochastic simulation based on a compartmental susceptible-
exposed-infectious-recovered model and included system dynamics in the model. We evaluated
three scenarios: (1) No booster, (2) A viral vector vaccine as the booster dose, (3) An mRNA vaccine
as the booster dose. The incremental cost-effectiveness ratio (ICER) was calculated based on provider
perspectives. We found the number of cases in scenarios with viral vector and mRNA booster doses
to be lower than in the non-booster group. Likewise, the number of deaths in the viral vector and
the mRNA booster scenarios was threefold lower than in the no-booster scenario. Moreover, the
estimated grand cost for the no-booster scenario was over 100 billion baht, while viral vector and
mRNA scenario costs were 70 and 64.7 billion baht, respectively. ICER shows that viral vector and
mRNA scenarios are more cost-effective than the no-booster scenario. Viral vector booster shot
appeared to be slightly more cost-effective than mRNA booster shot in terms of death aversion.
However, being boosted by an mRNA vaccine seemed slightly more cost-effective than a viral vector
vaccine concerning case aversion. In conclusion, policies to promote COVID-19 booster shots in
the Thai population by either mRNA or viral vector vaccines are likely to be worthwhile for both
economic and public health reasons.
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1. Introduction

As the COVID-19 pandemic has caused a widespread impact on health and the
economy globally, especially among the vulnerable population, it is a critical mission
for governments to manage the virus transmission despite epidemiological uncertain-
ties. From the initial wild-type, SARS-CoV2 evolved into various strains, including the
Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) and Omicron (B.1.1.529)
variants, with increased transmission capacities and virulences equal to or greater than the
original strain [1-3]. Despite the stringent restriction measures, Thailand detected the first
case of Omicron in January 2022, soon becoming the majority of COVID-19 infections in
the country, accounting for more than 87% of new cases [4].

Thailand has been implementing the COVID-19 vaccine as one of the important
measures to alleviate the morbidity and mortality related to COVID-19 infection since
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February 2021. The first vaccine to arrive was an inactivated vaccine, CoronaVac (Sinovac,
Beijing, China), followed by the viral vector ChAdOx1 nCoV-19 vaccine (AstraZeneca,
Cambridge, UK), inactivated COVID-19 vaccine (Sinopharm, Beijing, China) and mRNA
vaccines (BNT162b2; Pfizer-BioNTech, New York, NY, USA; Moderna, Cambridge, MA,
USA) [5]. Through the national immunization plan, the COVID-19 vaccines were quickly
distributed and administered, starting with healthcare workers and high-risk groups such
as those over 60 years old or those who are immunocompromised, followed by people in
the general public [6].

Vaccine efficacy and effectiveness vary by strain, and genetic mutations lead viruses
to evade the natural and acquired immunity from vaccination. Many studies suggest the
benefit of booster doses against severity and death, especially in the population at high risk
of developing serious illness [7-9]. Alarmed by the spreading of the Omicron variant in
the country, the Thai government rolled out the massive booster dose campaign and urged
the population who have received two doses of COVID-19 vaccines to receive a booster
(third) shot. Several mix-and-match vaccine regimens were proposed in light of a domestic
immunogenicity study showing promising protection. The vaccine effectiveness study
suggests an over 80% protection level for the three-dose schedules to prevent COVID-19-
associated pneumonia and deaths [10].

According to the current COVID-19 management strategies, the Thai Government
has continued to recommend that the population receive up-to-date vaccines, mainly
either AstraZeneca or Pfizer-BioNTech, as a booster dose, regardless of any primary vaccine
schedules. Since the COVID-19 vaccine will continue to be the main government investment
to prevent severe infection and death from COVID-19, the question remains which type
of vaccine the government should proceed with as the booster dose policy, and this point
covers the objective of this study. The aim of the study is that the evidence generated from
it will support the policy decision-making for identifying the most cost-effective COVID-19
vaccine option while maintaining the high preventive benefits for the Thai population.

This article is structured as follows. We started with the introduction (Section 1),
as written above. The following section (Section 2) demonstrates the study design and
model framework, followed by the model assumption, parameters, formula, outcomes,
and ethical considerations. The predicted number of deaths and severe cases of COVID-19
infection and the cost-effectiveness indicators are presented in Section 3. The discussion
and conclusion are featured in Sections 4 and 5, respectively.

2. Materials and Methods
2.1. Study Design and Model Framework

We employed a stochastic simulation based on a compartmental susceptible-exposed-
infectious-recovered (SEIR) model. Most parameters, such as the daily incident cases and
incident deaths, were obtained from the internal database of the Department of Disease
Control (DDC). Clinical severity data were mainly acquired from the Department of Medi-
cal Services (DMS). Basic parameters, such as incubation period and duration of infection,
followed recent international literature. Parameters reflecting the healthcare system per-
formance in the country, such as the time lag from being infected to isolation, and current
epidemiological force (as identified by reproduction number [R]), were identified by model
calibration (as detailed in Section 2.2). The forecasting duration was 90 days, starting from
1 April 2022. Of note is that we used actual daily incident cases and deaths since 15 January
2022 for model calibration (since we assumed that after mid-January 2022, the Omicron
variant gained the major share of all variants in Thailand). Thus, the model was run from
15 January 2022 till 30 June 2022 (about 170 days in total).

We also incorporated the idea of system dynamics (SD) in the SEIR framework. The
simplified model framework is presented in Figure 1. We divided the entire target popu-
lation into two groups: (i) The two-dose group (ii) The third-(booster) dose group. The
target population in this regard numbered 50 million, equivalent to 70% of the whole Thai
population (excluding children under 12 years of age as, at the time of writing, the booster
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dose policy had not been endorsed for children). In other words, the population scope of
this study was Thai people who were potential candidates for the booster dose. In each
group, we divided the population into five subgroups: (i) The susceptible, (ii) The exposed,
(iii) The infectious before isolation, (iv) The infectious after isolation, (v) The recovered.

Reproduction Incubation Length of stay
number period - ‘
I I [ I

= =~ - I

Booster dose vac

Booster

‘ Scenario 1 :no vaccination ‘

‘ Scenario 2: ChadOx1 ‘

‘ Scenario 3 Bnt162b2 ‘
L

Figure 1. Model framework.

The rate of moving from one group (stock) to another, such as from the susceptible
group to the exposed group, was determined by a differential equation. The volume of
people in each group at any point in time was measured by integrating over the flow.
The outflow of the susceptible group was mainly influenced by R. The transition from
the exposed group to the infectious group was determined by the incubation period. We
split the infectious group into before isolation and after isolation. The time lag before
commencing the isolation (either by self-isolation or being admitted to a health facility) was
assumed to be about four days (based on model calibration). The recovery time followed
the treatment guideline of the DMS. At the time of writing, the target population had all
received the second shot. This group then encountered two paths, either remaining as a
susceptible person or receiving the third shot. The move from the two-dose group to the
three-dose group was governed by the vaccination rate in the population.

2.2. Model Assumptions, Parameters, Formula, and Outcomes

We used Microsoft Excel®Version 2211 (Microsoft Corporation, Washington, DC, USA)
and Stella version 2.0 (number: 251-401-786-859) (isee systems, Lebanon, NH, USA) for all
calculations. The model was run considering the following ideas or assumptions. First, the
population of interest was homogenously mixed. All susceptible individuals had an equal
chance of being subjected to the COVID-19 infection.

Second, in practice, the exact volume of the infectees at the start of the pandemic
could not be known. We proposed that the number of infectees amounted to 0.25% of the
population of interest. This assumption corresponded with the experience of the prior
waves of COVID-19 cases in Thailand, where the notification of the index case occurred
after three to four generations of infection had passed.

Third, there remained a degree of under-reporting, especially for asymptomatic and
mildly symptomatic infectees. This phenomenon occurred even in developed countries [11,12].
In Thailand, during the Delta wave in late 2021, the Rural Doctor Society reported that less
than one fifth of people in highly populated communities in Bangkok were found infected
with COVID-19, but their records were not presented in the official infectee list of the DDC.
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Therefore, we postulated that the observed asymptomatic or mildly symptomatic cases
numbered about one sixth of the actual cases, and the observed non-intubated pneumonic
cases constituted about one third of the actual cases. This postulation coincided with the
experience of the investigation team and with the opinions of public health experts in the
report of the DDC [13]. However, we presumed there was no underreporting of intubated
pneumonic cases and deaths.

Fourth, we assumed that the action of the vaccines on the model was represented
by two points: (i) The reduction of R (according to vaccine effectiveness [VE] against any
infection), (ii)The alteration of the clinical severity profile (according to VE against severe
infection and death, causing a greater proportion of asymptomatic or mildly symptomatic
cases amongst the third dose vaccinees, relative to those not yet given the third dose).

Fifth, we postulated that the effectiveness of the vaccine did not wane over time, and
the immunity level of the vaccinees was boosted up right after the shot without delay.

Sixth, the model calibration was done to estimate many parameters, especially R and
the initial infectee volume. We used the “optimisation” function in Stella to calibrate R.
The function employed daily reported cases as a payoff to acquire an optimal value of R.
Powell’s method was used to find the minimum least square error of the number of daily
reported cases.

Seventh, with respect to the stochastic nature of the model, we ran the model for over
50 simulations, with each simulation utilising different values of the incubation period. The
incubation period was assumed to follow the Gamma distribution over 1-14 days. Results
of the model value at the 2.5th and 97.5th were used to construct a 95% confidence limit.

Eighth, vaccine effectiveness indicators were employed from the domestic nation-
wide case-control studies using the routine administrative surveillance system of the
Vaccine Effectiveness Intelligence Unit of the DDC. At the time of the study, the Omicron
strain predominated in Thailand, with a small portion of infectees encountering the Delta
strain [10,14].

Ninth, since severe adverse events following immunisation (AEFIs) hardly ever occurs
(fewer than 0.85 events per 10,000 doses) and most AEFIs can be recovered without specific
treatment, we did not include the cost of AEFIs treatment in the model [15].

Last, we used the third-dose vaccination rate in early 2022 as the fixed vaccination rate
throughout the study course. Moreover, the third dose was only administered when an
individual was in a susceptible state.

The study centred on the following outcomes: (i) Daily reported incident cases, (ii)
Cumulative cases, (iii) Cumulative death toll, (iv) Cumulative grand cost (cost of treatment
and vaccination cost). These outcomes were constructed in three scenarios. Scenario 1 was
the base (unrealistic, theoretical) situation where the third dose was not administered to the
Thai population. Scenarios 2 and 3 were the main focus [14]. In scenario 2, the viral vector
vaccine (ChAdOx1 as a proxy) was used as the booster dose. Scenario 3 followed the same
idea as scenario 2 but replaced the viral vector vaccine with the mRNA vaccine (BNT162b2
as a proxy). The ultimate outcome was the incremental cost-effectiveness ratio (ICER)
based on provider perspectives. We then assessed if scenario 2 or scenario 3 was more
cost-effective than scenario 1. ICER was used as a measure to gauge the cost-effectiveness
level—the smaller the ICER, the more cost-effective.

The ICER of interest is presented in Table 1. Details of important parameters and
formulas of the model are demonstrated in Tables 2 and 3. The full model structure and
details of all equations used are exhibited in Supplementary Files S1 and S2.
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Table 1. Incremental cost-effectiveness ratio (ICER) of interest.

Incremental Outcome

(b)

Cumulative cases 1 —
cumulative cases 2

Comparison Incremental Cost (a) Interpretation

Incremental grand cost per

Scenario 1 vs. scenario 2
case averted

Grand cost 2 — grand cost 1

Cumulative death 1 —
cumulative death 2

Incremental grand cost per

Scenario 1 vs. scenario 2
death averted

Grand cost 2 — grand cost 1

Incremental vaccination cost
per case averted

Cumulative cases 1 —

Vaccine cost 2 — vaccine cost 1 .
cumulative cases 2

Scenario 1 vs. scenario 2

Incremental vaccination cost
per death averted

Cumulative death 1 —

Vaccin t 2 — vaccin t1 .
cene cos vaccine cos cumulative death 2

Scenario 1 vs. scenario 2

Cumulative cases 1 —
cumulative cases 3

Incremental grand cost per

Scenario 1 vs. scenario 3
case averted

Grand cost 3 — grand cost 1

Cumulative death 1 —
cumulative death 3

Incremental grand cost per

Scenario 1 vs. scenario 3
death averted

Grand cost 3 — grand cost 1

Incremental vaccination cost
per case averted

Cumulative cases 1 —

Vaccine cost 3 — vaccine cost 1 .
cumulative cases 3

Scenario 1 vs. scenario 3

Incremental vaccination cost
per death averted

Cumulative death 1 —

. B . 1 .
Vaccine cost 3 — vaccine cost cumulative death 3

Scenario 1 vs. scenario 3

Note: ICER = (a)/(b) grand cost = cost of treatment + vaccination cost (including vial cost and administrative
cost).

Table 2. List of key parameters.

Parameters Unit Value Reference (Note)
Reproduction number Unitless 15 Model calibration
. 70% of the total Thai population based on the
Population Persons 50 > 106 National Statistical Office of Thailand [16]
Hart et al. (gamma distribution with scale
Mean infectious duration Days 4.6 parameter of 0.03 and shape parameter of
165.9) [17]
Helmsdal et al. (gamma distribution with
Mean incubation period Days 3.5 scale parameter of 0.01 and shape parameter
of 302.7) [18]
Time lag frqm be.l ng infected Days 4 Model calibration
to isolation
Initial number of infectees Persons 125,000 Assume 0'25. o of the inter este.d population
with model calibration
Initial proportion of third . o Division of Communicable Diseases,
. Unitless 20% .
dose vaccinees Department of Disease Control
L Division of Communicable Diseases,
Booster-dose vaccination rate Persons/day 171,300 Department of Disease Control
ZTClirrllefeiftfii)iIZfer\fj:IEi/geiltr:;t Vaccine Effectiveness Intelligence Unit,
Y Unitless 34% Division of Epidemiology, Department of
booster dose (two-dose .
. Disease Control
vaccinees as reference)
Vaccine effectiveness against . . . .
anv infection of MRNA Vaccine Effectiveness Intelligence Unit,
Y Unitless 55% Division of Epidemiology, Department of

booster dose (two-dose
vaccinees as reference)

Disease Control
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Table 2. Cont.

Parameters Unit Value Reference (Note)
Vaccine effectiveness against . . . .
severe infection of viral vector Vaccine Effectiveness Intelligence Unit,
booster dose (two-dose Unitless 88% Division of Epidemiology, Department of
vaccinees as reference) Disease Control
Vaccine ?ffectl.veness against Vaccine Effectiveness Intelligence Unit,
severe infection of mRNA . o o . .
booster dose (two-dose Unitless 78% Division of Epidemiology, Department of
. Disease Control
vaccinees as reference)
Proportion of asymptomatic Internal database of the Department of
and mildly symptomatic Unitless 99.7% Disease Control and model calibration
infectees amongst all infectees (accounted for underreporting factor)
Proportion of non-intubated Internal database of the Department of
pneumonic infectees amongst Unitless 0.25% Disease Control and model calibration
all infectees (accounted for underreporting factor)
Proportion of intubated Internal database of the Department of
pneumonic infectees amongst Unitless 0.01% Disease Control and model calibration
all infectees (accounted for underreporting factor)
Proportion of deaths amonest Internal database of the Department of
. nitless .02% isease Control and model calibration
D  fecteny o8 Unitl 0.02% Disease Control and model calibrati
(accounted for underreporting factor)
Recoverv time for Internal database of the Department of
Y . Disease Control and model calibration
asymptomatic or mildly Days 10 - .
svmptomatic patients (assume same as clinical profile of the
ymp P patients during the Delta wave)
Internal database of the Department of
Recovery time for pneumonic Davs 14 Disease Control and model calibration
non-intubated cases Y (assume same as clinical profile of the
patients during the Delta wave)
Recovery time for Internal database of the Department of
Y. . Disease Control and model calibration
asymptomatic or mildly Days 21 - .
svmptomatic patients (assume same as clinical profile of the
ymp P patients during the Delta wave)
Recovery time for Internal database of the Department of
. Y . Disease Control and model calibration
non-intubated pneumonic Days 21 . .
atients (assume same as clinical profile of the
P patients during the Delta wave)
Administration cost of Meeyai A et al. (3% discount rate adjusted
vaccination Baht/ dose 234 per year) [19]
Viral vector vaccine Baht/dose 308 Inte.rnal database, Division of. Communicable
Diseases, Department of Disease Control
MRNA vaccine Baht/dose 488 Internal database, Division of Communicable

Diseases, Department of Disease Control
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Table 3. The essential formulas of the model.

Change of Status

Formula Note

From susceptible to exposed

= reproduction number/infectious duration,
VE = effectiveness of vaccine against any infection,
S = susceptible population, I1 = non-isolated infectees,
P = total population

—B x (1-VE) x S x I1/P

From susceptible to non-isolated

infectious —aE « = 1/incubation period, E = exposed population
From non-isolated infectious to _sT1 b =1/time lag from non-isolation to isolation,
isolated infectious I1 = non-isolated infectious population
From isolated infectious to recovered ey ( =1/length of stay; 12 = isolated infectious population

(Varying by severity profile)

2.3. Ethics Consideration

As this study relied only on secondary data from international literature and the
internal database of official authorities in Thailand, we were not involved with human
participation. Thus, ethics approval was not required. However, the research team followed
the principles of ethical standards strictly, as stipulated in the Declaration of Helsinki. No
individual information was disclosed.

3. Results

We began with an estimation of the incident cases of COVID-19 in Thailand. Figure 2
presents the estimated number of daily new cases in the three hypothetical scenarios
(the base scenario with no third-dose booster shot, booster with mRNA vaccine, and
booster with viral vector vaccine). All three scenarios showed the same pattern with
different magnitudes of COVID-19 cases. The no-booster-dose scenarios showed the highest
daily case toll compared with the other two scenarios. If there were no administration
of the third dose, the daily cases would peak at 80,892 cases per day (95%CI, 20,065 to
121,972) on day 65, then drop continuously to fewer than 50,000 cases per day by day
90. Scenarios 2 and 3 demonstrate similar results. The viral vector scenario peaks at
28,811 cases per day on day 7, close to the mRNA scenario. The mRNA booster could
suppress the daily case toll at 128 cases (95% CI, 5 to 276) on day 170, while the viral vector
booster drops to 1510 cases (95%CI, 105 to 3077) at the same time point.

(a) Scenario 1 (b) Scenario 2 (c) Scenario 3
= 200 200 200
o
g
g 150 150 150
2
=
— 100 100 + 100 —
2
g ’ 77 RN
2 50 50 - y ‘. 50 ¥

. fi/’f(—\\iils .
0 0 0 et T P
1 31 61 91 121 151 1 31 61 91 121 151 1 31 61 91 121 151
Day Day Day

Figure 2. Daily reported incident cases of different scenarios from day 1 to day 170: (a) Scenario 1,
no booster dose; (b) Scenario 2, viral vector vaccine as booster dose; (c) Scenario 3, mRNA vaccine
as a booster dose. The solid line shows the mean of the outcome. The dashed line shows the 97.5th
percentile of the outcome. The dotted line shows the 2.5th percentile of the outcome.

The estimated cumulative number of COVID-19 cases in all scenarios is exhibited in
Figure 3. All three scenarios present the same pattern with different accelerations in the rate
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of growth. The cumulative number of cases of the no-booster scenario is 4,624,833 (95%ClI,
3,380,419 to 5,652,603) at the end of day 170. In comparison, the cases in the mRNA booster
and viral vector scenarios number 1,867,934 (95%ClI, 576,867 to 3,492,275) and 2,331,290
(95%Cl, 803,209 to 3,811,999), respectively.

(@) Scenario 1 (b) Scenario 2 (0) Scenario 3

g 6 T o 6 T 6 T

g 5+ 5 4 5 4

= S

T o4 4 4 4 4 4

g 54 3T T

v

Z 24 2+ 2+

ERR 1+ 1+

g 0 — 0 0

1 31 61 91 121 151 1 1
Day Day Day

Figure 3. Cumulative cases of all scenarios from day 1 to day 170: (a) Scenario 1, no booster dose;
(b) Scenario 2, viral vector vaccine as booster dose; (¢) Scenario 3, mRNA vaccine as a booster dose.
The solid line shows the mean of the outcome. The dashed line shows the 97.5th percentile of the
outcome. The dotted line shows the 2.5th percentile of the outcome.

The cumulative number of deaths related to COVID-19 peaks at 4534 in the no-booster
scenario (95%CI, 3314 to 5542) on day 170. The mRNA and viral vector show that the
volume of deaths is smaller than the no-booster scenario by about threefold. In addition,
the mRNA booster scenario keeps the death toll at 1390 (95%Cl, 442 to 2584), which is
relatively close to the viral vector scenario (1555 deaths, 95%CI, 539 to 2662) (Figure 4).

(a) Scenario 1 (b) Scenario 2 (0 Scenario 3

6T 6 T 6 —
-E 5 + - 5 L 5 L
2 44 B 4t 4 4
=
T 3T 3+ 3+
E e [
E 2 + 2 4+ . 2 +
=
“1 1 1

0 == 0 0

1 31 61 91 121 151 1 31 61 91 121 151
Day Day Day

Figure 4. Cumulative deaths of all scenarios from day 1 to day 170: (a) Scenario 1, no booster dose;
(b) Scenario 2, viral vector vaccine as booster dose; (¢) Scenario 3, mRNA vaccine as the booster dose.
The solid line shows the mean of the outcome. The dashed line shows the 97.5th percentile of the
outcome. The dotted line shows the 2.5th percentile of the outcome.

The cumulative grand cost for scenario 1 (no booster dose) is estimated to reach
109 billion baht (95%Cl, 79,850,246,195 to 133,522,416,727) by day 170. This is far greater
than the grand cost in the viral vector scenario (70 billion baht; 95%CI, 34,508,345,033 to
105,054,140,906) and mRNA scenario (64.7 billion baht; 95%Cl, 34,449,983,488 to
102,862,099,871). As the grand cost in both the viral vector scenario and mRNA sce-
nario is far smaller than the no-booster scenario in combination with the lower number of
cases and death tolls in the booster scenario relative to the no-booster scenario, the ICER
thus shows a negative value—suggesting that the booster scenario, regardless of vaccine
types, is cost-saving. The viral vector scenario is slightly more cost-saving (showing more
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negative ICER) than the mRNA scenario when considering case aversion, whereas the
mRNA scenario slightly outperforms the viral vector scenario for death aversion (Table 4).

Table 4. ICER of grand cost per case averted and death averted by day 170.

ICER of Grand Cost ICER of Grand Cost
(Thousands) (Millions)
per Case Averted per Death Averted
(by Day 170) (by Day 170)
Scenario 1 vs. scenario 2 o —170 o —131
(95% CI, —17.7 to —16.4) (95% CI, —16.3 to —10.6)
. . —16.1 —14.2
Scenario 1 vs. scenario 3 (95% CI, —16.8 to —15.3) (95% CI, —15.9 to —11.2)

Note: Grand cost incorporated both treatment cost and vaccination cost.

When focusing on vaccination cost alone (vial cost and administrative cost combined),
the mRNA scenario produces an ICER of 6.7 thousand baht per case averted—marginally
outperforming the ICER of the viral vector scenario. In contrast, for death aversion, the
viral vector scenario demonstrates a more cost-effective result when gauging against the
mRNA scenario (5.1 million baht in the viral rector scenario versus 6.5 million baht in the
mRNA scenario) (Table 5).

Table 5. ICER of vaccine cost per case averted and death averted by day 170.

ICER of Vaccine Cost ICER of Vaccine Cost
(Thousands) (Millions)
per Case Averted per Death Averted
(by Day 170) (by Day 170)
Scenario 1 vs. scenario 2 7.5 (95% CI, 6.8 to 8.5) 5.1 (95% CI, 4.7 to 5.6)
Scenario 1 vs. scenario 3 6.7 (95% CI, 5.9 to 7.4) 6.5 (95% CI, 6.2 t0 7.3)

4. Discussion

This study provides an insight to policymakers regarding the cost-effectiveness of
booster vaccination for the Thai population. The results show that vaccination with mRNA
and viral vector vaccines helps reduce the public health burden in terms of the number
of COVID-19 cases and deaths. This finding is consistent with other vaccine effectiveness
studies. The findings in the study by Kirsebom et al. and Andrews et al. also support the es-
timated degree of COVID-19 vaccine effectiveness against the Omicron variant. Both studies
showed that mRNA vaccines, BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna),
and viral vector vaccine, ChAdOx1 nCoV-19 (AstraZeneca), provided 40% effectiveness
in reducing the chance of COVID-19 symptomatic infection and 80% effectiveness against
severe infection [20,21]. Our study also expands the existing academic value on this point
by suggesting that the booster dose is not only “effective” in preventing infection but also
cost-effective and worthwhile for investment over 170 days.

We mainly focus on the cost-effectiveness of mRNA and viral vector vaccines because
both vaccine types are recommended by the Thai government to be used as a booster
dose. Based on the findings above, with no surprise when considering grand cost, both
policy options (viral vector or mRNA booster shot) appeared to favour a cost-saving choice.
Therefore, we conclude that both mRNA and viral vector vaccines clearly overshadow
the no-booster scenario. In addition, when considering the vaccine cost alone, the mRNA
scenario was slightly more cost-effective than the viral vector scenario for case aversion.
On the other hand, the viral vector scenario demonstrated a trivially more cost-effective
result than the mRNA scenario.

It is worth noting that our model considers just a short period of time. We thus realise
that the results are subject to change if we consider re-infection or the drop in vaccine
effectiveness when viral mutation occurs [22]. Besides, while the government is on their
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way to lifting all the restriction measures, this study confirms that the booster dose from
either an mRNA vaccine or viral vector can contain the number of COVID-19 cases and
deaths. However, despite having high vaccine coverage for early doses in Thailand, vaccine
hesitancy on the booster shot is also of critical concern. Many studies affirm some degree
of vaccine hesitancy in Thailand, especially among migrants and the elderly [23,24]. This
means a massive campaign on the booster shot should continue alongside an adequate
supply of vaccines.

Our results are consistent with many studies abroad. For instance, Li et al. pointed
out that, compared with two doses of BNT162b2 without a booster, the booster dose (in
100,000 elders in the US) would yield an additional vaccination cost of USD 3.4 million but
save about USD 6.7 million in direct medical cost and gain 3.7 quality-adjusted life years
(QALY) in 180 days [25]. Fu et al. flagged that administering viral vector booster shots
after full immunization (two-dose) of inactivated vaccine amongst the Chinese population
would incur an increase of 0.011 QALY with a cost saving of USD 261.7, based on a societal
perspective [26].

Despite a thorough analysis, this study is not free of limitations, and the results should
be interpreted with caution. First, we relied on many assumptions during the calculation.
Moreover, these assumptions were influenced by the health system’s function at that
time. For example, the number of COVID-19 cases was retrieved from the COVID-19
surveillance system of the DDC, which mainly captured the cases identified from the
reverse transcriptase polymerase chain reaction (RT-PCR) test (as the health facilities were
required to report the RT-PCR data to the MOPH). However, the surveillance system cannot
fully account for the infected individuals identified by the self-antigen commercial test kit.
Moreover, the current DDC guideline does not require a COVID-19 test for all deaths outside
health facilities, and even when there is a post-mortem test, a false negative result cannot
be ruled out [27]. These are reasons why we attempted to adjust for the underreporting
in the model, though we admitted that these problems might not be perfectly solved by
model adjustment alone.

Second, as the study used the fixed value of vaccine effectiveness, the results of the
model should be carefully interpreted. This is because a vaccine is not the only measure
to deal with the force of infection. Social behaviours always play a critical role in disease
transmission, and people with different vaccination statuses may have different preventive
practices. All these factors are difficult to quantify as quantitative input in the model.

Finally, since the vaccine effectiveness can vary due to the genetic mutation of SARS-
CoV-2, the waning of immunity is inevitable if the model considers a long period. As
the knowledge of new subvariant is highly dynamic and new subvariants may occur in
the future, continuous monitoring and regular assessment of vaccine efficacy and cost-
effectiveness are of huge value for both academic and policy reasons.

5. Conclusions

COVID-19 booster doses, either with mRNA or viral vector vaccines, are likely to be
cost-effective for the Thai population during the Omicron variant transmission. Based on
our study, both mRNA and viral vector vaccines remarkably reduce the number of severe
cases and deaths from COVID-19 infection. Compared to the no-booster scenario, both
mRNA and viral vector booster policies are cost-effective policy options concerning the
case and death aversion. In terms of policy implication, the government should maintain
an effort to encourage populations, especially vulnerable groups, to receive a booster dose.
However, it is worth noting that regular follow-up on vaccine efficacy and cost-effectiveness
is recommended.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ tropicalmed8020091/s1, Supplementary File S1: Model diagram;
Supplementary File S2: Model equation.


https://www.mdpi.com/article/10.3390/tropicalmed8020091/s1
https://www.mdpi.com/article/10.3390/tropicalmed8020091/s1

Trop. Med. Infect. Dis. 2023, 8,91 11 of 12

Author Contributions: Conceptualization, K.S., N.N., R.T. and R.S.; methodology, R.S.; software,
R.S.; validation, N.N. and R.S.; formal analysis, K.S., N.N. and R.S.; data curation, N.N.; writing—
original draft preparation, K.S., N.N., R.T,, N.C. and R.S.; writing—review and editing, K.S., N.N.,
R.T., N.C. and R.S;; visualization, K.S. and R.S.; supervision, R.S.; project administration, N.N.;
funding acquisition, N.C. and R.S. All authors have read and agreed to the published version
of the manuscript.

Funding: The publication fee was supported by the Field Epidemiology Training Program (FETP)—
Thailand, Division of Epidemiology, Department of Disease Control, Ministry of Public Health,
Thailand and International Health Policy Program Foundation (IHPF).

Institutional Review Board Statement: This study employed secondary data from the internal
database of the Department of Disease Control, Ministry of Public Health, Thailand, and did not
involve any human or animal subjects. Ethical approval was not required. However, we strictly
comply with the ethical standard outlined in the Declaration of Helsinki.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This study was a part of the Data to Policy Program within the Bloomberg
Philanthropies” Data for Health Initiative, implemented with the Centers for Disease Control and
Prevention (CDC) and the CDC Foundation. The authors would like to thank Chandra Dhakal and
Manjunath Shankar for the technical support and advice related to the study. Most importantly, the
authors are grateful for the data analytic support from the Division of Epidemiology, Department of
Disease Control, Thailand.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Aleem, A.; Akbar Samad, A.B.; Slenker, A.K. Emerging Variants of SARS-CoV-2 And Novel Therapeutics Against Coronavirus
(COVID-19); StatPearls Publishing: Tampa, FL, USA, 2022.

2. Galloway, S.E,; Paul, P; MacCannell, D.R.; Johansson, M.A.; Brooks, J.T.; MacNeil, A.; Slayton, R.B.; Tong, S.; Silk, B.J.; Armstrong,
G.L,; et al. Emergence of SARS-CoV-2 B.1.1.7 Lineage—United States, December 29, 2020-January 12, 2021. MMWR. Morb. Mortal.
WKly. Rep. 2021, 70, 95-99. [CrossRef] [PubMed]

3. Gao, S.J.; Guo, H,; Luo, G. Omicron variant (B.1.1.529) of SARS-CoV-2, a global urgent public health alert! J. Med. Virol. 2022, 94,
1255-1256. [CrossRef] [PubMed]

4. Thailand, D.o.M.S.M.0.PH. Thailand Corona Virus Disease (COVID-19): Thailand Situation; Department of Disease Control:
Nonthaburi, Thailand, 2022.

5. Thailand, Fa.D.A. Thai FDA Approved six COVID-19 Vaccines. Available online: https://oryor.com/media/newsUpdate/
media_news /2087 (accessed on 22 July 2022).

6.  Bangkokpost. Covid Vaccination Priorities Announced. Available online: https:/ /www.bangkokpost.com/thailand /general /20
73071/ covid-vaccination-priorities-announced (accessed on 20 May 2022).

7. Bar-On, YM.; Goldberg, Y.; Mandel, M.; Bodenheimer, O.; Freedman, L.; Kalkstein, N.; Mizrahi, B.; Alroy-Preis, S.; Ash, N.; Milo, R ;
et al. Protection of BNT162b2 Vaccine Booster against Covid-19 in Israel. N. Engl. ]. Med. 2021, 385, 1393-1400. [CrossRef] [PubMed]

8. Menni, C.; May, A.; Polidori, L.; Louca, P; Wolf, J.; Capdevila, J.; Hu, C.; Ourselin, S.; Steves, C.J.; Valdes, A.M.; et al. COVID-19
vaccine waning and effectiveness and side-effects of boosters: A prospective community study from the ZOE COVID Study.
Lancet Infect. Dis. 2022, 22, 1002-1010. [CrossRef]

9. Jara, A,; Undurraga, E.A.; Zubizarreta, ].R.; Gonzalez, C.; Pizarro, A.; Acevedo, J.; Leo, K,; Paredes, F; Bralic, T.; Vergara, V.; et al.
Effectiveness of homologous and heterologous booster doses for an inactivated SARS-CoV-2 vaccine: A large-scale prospective
cohort study. Lancet Glob. Health 2022, 10, €798-e806. [CrossRef]

10. Suphanchaimat, R.; Nittayasoot, N.; Jiraphongsa, C.; Thammawijaya, P.; Bumrungwong, P.; Tulyathan, A.; Cheewaruangroj, N.;
Pittayawonganon, C.; Tharmaphornpilas, P. Real-World Effectiveness of Mix-and-Match Vaccine Regimens against SARS-CoV-2
Delta Variant in Thailand: A Nationwide Test-Negative Matched Case-Control Study. Vaccines 2022, 10, 1080. [CrossRef]

11.  Whittaker, C.; Walker, PG.T.; Alhaffar, M.; Hamlet, A.; Djaafara, B.A.; Ghani, A.; Ferguson, N.; Dahab, M.; Checchi, F.; Watson, O.].
Under-reporting of deaths limits our understanding of true burden of covid-19. BMJ Clin. Res. Ed. 2021, 375, n2239. [CrossRef]

12.  Lau, H.; Khosrawipour, T.; Kocbach, P; Ichii, H.; Bania, J.; Khosrawipour, V. Evaluating the massive underreporting and

undertesting of COVID-19 cases in multiple global epicenters. Pulmonology 2021, 27, 110-115. [CrossRef]


http://doi.org/10.15585/mmwr.mm7003e2
http://www.ncbi.nlm.nih.gov/pubmed/33476315
http://doi.org/10.1002/jmv.27491
http://www.ncbi.nlm.nih.gov/pubmed/34850421
https://oryor.com/media/newsUpdate/media_news/2087
https://oryor.com/media/newsUpdate/media_news/2087
https://www.bangkokpost.com/thailand/general/2073071/covid-vaccination-priorities-announced
https://www.bangkokpost.com/thailand/general/2073071/covid-vaccination-priorities-announced
http://doi.org/10.1056/NEJMoa2114255
http://www.ncbi.nlm.nih.gov/pubmed/34525275
http://doi.org/10.1016/S1473-3099(22)00146-3
http://doi.org/10.1016/S2214-109X(22)00112-7
http://doi.org/10.3390/vaccines10071080
http://doi.org/10.1136/bmj.n2239
http://doi.org/10.1016/j.pulmoe.2020.05.015

Trop. Med. Infect. Dis. 2023, 8,91 12 of 12

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

BBC Thai. MOPH Admits Under-Reporting of COVID-19 Cases with Stable “Severity” of Situation in Bangkok. Available online:
https:/ /www.bbc.com/thai/thailand-58009764 (accessed on 12 January 2022).

Nittayasoot, N.; Suphanchaimat, R.; Thammawijaya, P; Jiraphongsa, C.; Siraprapasiri, T.; Ploddi, K.; Pittayawonganon, C.; Mahasiri-
mongkol, S.; Tharmaphornpilas, P. Real-World Effectiveness of COVID-19 Vaccines against Severe Outcomes during the Period of
Omicron Predominance in Thailand: A Test-Negative Nationwide Case-Control Study. Vaccines 2022, 10, 2123. [CrossRef]
Choppradit, C.; Likittientong, T.; Sonthong, V. Adverse events following immunization (AEFIs) of COVID-19 vaccine in
Samutsakhon Hospital. Hua Hin Med. ]. 2023, 2, 52-70.

2021. Available online: http://statbbi.nso.go.th/staticreport/page/sector/th/01.aspx (accessed on 22 July 2022).

Hart, W.S.; Miller, E.; Andrews, N.J.; Waight, P.; Maini, PK.; Funk, S.; Thompson, R.N. Generation time of the alpha and delta
SARS-CoV-2 variants: An epidemiological analysis. Lancet Infect. Dis. 2022, 22, 603-610. [CrossRef] [PubMed]

Helmsdal, G.; Hansen, O.K.; Mgller, L.E,; Christiansen, D.H.; Petersen, M.S.; Kristiansen, M.F. Omicron outbreak at a private
gathering in the Faroe Islands, infecting 21 of 33 triple-vaccinated healthcare workers. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc.
Am. 2022, 75, 893-896. [CrossRef] [PubMed]

Meeyai, A.; Praditsitthikorn, N.; Kotirum, S.; Kulpeng, W.; Putthasri, W.; Cooper, B.S.; Teerawattananon, Y. Seasonal influenza
vaccination for children in Thailand: A cost-effectiveness analysis. PLoS Med. 2015, 12, e1001829. [CrossRef] [PubMed]
Kirsebom, F.; Andrews, N.; Sachdeva, R.; Stowe, J.; Ramsay, M.; Bernal, ].L. Effectiveness of ChAdOx1-S COVID-19 Booster
Vaccination against the Omicron and Delta variants in England. medRxiv 2022. preprint. [CrossRef] [PubMed]

Andrews, N.; Stowe, J.; Kirsebom, F; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, A.-M; et al.
Covid-19 Vaccine Effectiveness against the Omicron (B.1.1.529) Variant. N. Engl. |. Med. 2022, 386, 1532-1546. [CrossRef]
El-Shabasy, R.M.; Nayel, M.A.; Taher, M.M.; Abdelmonem, R.; Shoueir, K.R.; Kenawy, E.R. Three waves changes, new variant
strains, and vaccination effect against COVID-19 pandemic. Int. J. Biol. Macromol. 2022, 204, 161-168. [CrossRef]
Pheerapanyawaranun, C.; Wang, Y.; Kittibovorndit, N.; Pimsarn, N.; Sirison, K.; Teerawattananon, Y.; Isaranuwatchai, W.
COVID-19 Vaccine Hesitancy Among Health Care Workers in Thailand: The Comparative Results of Two Cross-Sectional Online
Surveys Before and After Vaccine Availability. Front. Public Health 2022, 10, 834545. [CrossRef]

Thanapluetiwong, S.; Chansirikarnjana, S.; Sriwannopas, O.; Assavapokee, T.; Ittasakul, P. Factors associated with COVID-19
Vaccine Hesitancy in Thai Seniors. Patient Prefer. Adherence 2021, 15, 2389-2403. [CrossRef]

Li, R;; Liu, H.,; Fairley, C.K.; Zou, Z,; Xie, L.; Li, X,; Shen, M.; Li, Y.; Zhang, L. Cost-effectiveness analysis of BNT162b2 COVID-19
booster vaccination in the United States. Int. . Infect.Dis. IJID Off. Publ. Int. Soc. Infect. Dis. 2022, 119, 87-94. [CrossRef]

Fu, Y,; Zhao, J.; Wei, X.; Han, P; Yang, L.; Ren, T.; Zhan, S.; Li, L. Cost-Effectiveness of COVID-19 Sequential Vaccination Strategies
in Inactivated Vaccinated Individuals in China. Vaccines 2022, 10, 1712. [CrossRef]

Mungmunpuntipantip, R.; Wiwanitkit, V. Underreporting of COVID-19 deaths. J. Formos. Med. Assoc. 2021, 120, 1930. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.bbc.com/thai/thailand-58009764
http://doi.org/10.3390/vaccines10122123
http://statbbi.nso.go.th/staticreport/page/sector/th/01.aspx
http://doi.org/10.1016/S1473-3099(22)00001-9
http://www.ncbi.nlm.nih.gov/pubmed/35176230
http://doi.org/10.1093/cid/ciac089
http://www.ncbi.nlm.nih.gov/pubmed/35134167
http://doi.org/10.1371/journal.pmed.1001829
http://www.ncbi.nlm.nih.gov/pubmed/26011712
http://doi.org/10.1038/s41467-022-35168-7
http://www.ncbi.nlm.nih.gov/pubmed/36509743
http://doi.org/10.1056/NEJMoa2119451
http://doi.org/10.1016/j.ijbiomac.2022.01.118
http://doi.org/10.3389/fpubh.2022.834545
http://doi.org/10.2147/PPA.S334757
http://doi.org/10.1016/j.ijid.2022.03.029
http://doi.org/10.3390/vaccines10101712
http://doi.org/10.1016/j.jfma.2021.04.019
http://www.ncbi.nlm.nih.gov/pubmed/33994059

	Introduction 
	Materials and Methods 
	Study Design and Model Framework 
	Model Assumptions, Parameters, Formula, and Outcomes 
	Ethics Consideration 

	Results 
	Discussion 
	Conclusions 
	References

