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Abstract

Objectives: Middle East Respiratory Syndrome coronavirus (MERS-CoV) remains a public health concern for Thailand, because
of the risk of importation from Thai pilgrims attending the Hajj. With MERS-CoV vaccines under development, evidence on
their potential impact is needed for vaccination planning. This study aimed to estimate the potential public health impact of
MERS-CoV vaccination among Thai pilgrims attending the Hajj under different vaccine effectiveness (VE) and transmission
scenarios.

Methods: A compartmental model simulated MERS-CoV transmission among Thai and non-Thai pilgrims attending the Hajj
over 30 days. Vaccination was applied only to Thai pilgrims before travel. VE scenarios of 30%, 50%, 70%, and 90% were
compared with no vaccination across basic reproduction number (Ro) values of 1, 2, 4, 6, and 8. Outcomes included infection
burden and transmission dynamics, severe cases, deaths, and timing of case occurrence.

Results: Increasing VE reduced the projected number of infections, severe cases, and deaths across all transmission scenarios.
Without vaccination, cumulative infections among Thai pilgrims increased from 0.35 cases at Ro=1 to 60.69 cases at Ro=8. At
Ro=8, cumulative incident cases over the 30-day simulation period decreased from 60.69 without vaccination to 6.05 with
90% VE. During the 30-day simulation, the maximum observed daily incidence decreased from 10.15 to 1.01 cases, and the
maximum observed prevalence decreased from 33.65 to 3.36 cases. Cumulative severe cases decreased from 15.43 to 1.54
and deaths from 5.66 to 0.57. Vaccination also delayed prevalent cases reaching >1 case—the threshold for prompt
notification—from day 10 to day 23.

Public Health Recommendations: Under lower-transmission conditions, routine vaccination of all Thai pilgrims may not be
necessary. However, if MERS-CoV transmission or outbreak activity increases in Saudi Arabia, targeted vaccination should be
considered if a safe and effective vaccine becomes available. Further studies should evaluate cost-effectiveness and the
combined effects of vaccination and non-pharmaceutical interventions.
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Introduction

Middle East Respiratory Syndrome coronavirus
(MERS-CoV) is a zoonotic pathogen first identified in

®® All material is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International
AL (CC-BY-NC-ND 4.0) License unless otherwise stated.

Saudi Arabia in 2012.}® Dromedary camels serve as
the primary animal reservoir for the virus.®>* Notably,
infected dromedaries typically do not manifest clinical
illness, which makes animal-level detection reliant on
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laboratory testing.?® Human infection occurs through
direct or indirect contact with infected camels, while
onward human-to-human transmission has been
documented primarily in healthcare and household
settings.? Since its emergence, the World Health
Organization has been notified of more than 2,600
laboratory-confirmed human cases from 27 countries,
with approximately 84% of these cases reported from
Saudi Arabia.?® The case-fatality rate among reported
cases has been approximately 37%.>¢ Currently, no
licensed vaccines or specific antiviral treatments exist
for prevention or treatment, making outbreak control
dependent on early detection, patient isolation, and
stringent infection prevention measures.

The Hajj pilgrimage represents a public health
challenge as one of the world’s largest annual mass
gatherings, attracting millions of pilgrims to Saudi
Arabia.”® The
interpersonal contact during the pilgrimage rituals

crowded conditions and close
may increase the risk of respiratory infectious disease
transmission, including MERS-CoV.

Thailand has reported three confirmed MERS-CoV
cases, all of which were imported from the Middle East,
with no evidence of local transmission.® However,
approximately 13,000 Thai Muslims travel to Saudi
Arabia annually for the Hajj pilgrimage, creating a
recurring risk of MERS-CoV importation.%!!

Several MERS-CoV vaccine candidates are currently
under clinical development.’>* As effective vaccines
become available, countries at risk of importation will
need evidence to guide vaccination strategies for
specific populations. Although the Hajj rituals last
only 5—6 days, most international pilgrims remain in
Saudi Arabia for approximately 2—7 weeks, including
travel and related activities.!®1® Therefore, this study
aimed to estimate the potential public health impact of
hypothetical MERS-CoV vaccination among Thai Hajj
pilgrims under different vaccine effectiveness (VE) and
a 30-day period,
representing the period.
Although progression and
secondary transmission after pilgrims returned to

transmission scenarios over

Hajj-related exposure

longer-term disease

Thailand were not simulated, estimating infections
acquired during this period provides important
information for vaccination policy and preparedness
planning because it enables health authorities to
anticipate healthcare needs and allocate resources for
surveillance, laboratory testing, infection prevention
and control, and Thai medical teams providing
healthcare for Thai Hajj pilgrims in Saudi Arabia.

Methods

Model Framework

A deterministic compartmental continuous-time
Susceptible-Exposed—Infectious—Recovered = (SEIR)
model was constructed to simulate MERS-CoV
transmission among pilgrims attending the Hajj over
a 30-day period. The simulation covered a 30-day
period, representing the approximate duration of Hajj-

related potential exposure among pilgrims.

The modelled population comprised 13,000 Thai
pilgrims and 1,660,230 non-Thai pilgrims, reflecting
the 2025 Hajj quota data.l'” Each group was divided
into eight compartments: Susceptible (S), Exposed (E),
Symptomatic infectious pre-isolation (Is), Symptomatic
infectious post-isolation (Isi), Asymptomatic infectious
(Ta), Hospitalized (H), Recovered (R), and Deceased (D)
(Figure 1).
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The model comprised two interacting populations (Thai and non-Thai
pilgrims), each divided into susceptible (S), exposed (E), symptomatic
infectious before isolation (Is), symptomatic infectious after isolation
(Isi), asymptomatic infectious (la), hospitalized (H), deceased (D), and
recovered (R) compartments. Transmission occurred within and
between the two populations. Vaccination was applied only to Thai
pilgrims by reducing susceptibility to infection. Model equations and
parameter definitions are provided in Supplementary Tables 1-3.

Figure 1. Structure of the compartmental model used to
simulate MERS-CoV transmission among Thai and non-Thai
pilgrims attending the Hajj.
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Model Assumptions and Parameters

Key epidemiological parameters were derived from
published study
(Supplementary Tables 1-2).11:17-25

literature and assumptions

The total population N is defined as N =S + E + Is +
Ia + Isi + H + R + D. To account for transmission
uncertainty, the basic reproductive number (Ro) was
varied across five values (1, 2, 4, 6, and 8). This range
reflects the
transmission in Saudi Arabia (Ro=0.45) to extreme

spectrum from low community
superspreading events comparable to the 2015 South
Korea nosocomial outbreak (Ro~8.1).19-22

Vaccination was modelled as a reduction in
susceptibility to infection, applied exclusively to the
Thai pilgrim cohort with full (100%) coverage assumed
prior to departure. VE was evaluated at four levels
(830%, 50%, 70%, and 90%) against an unvaccinated
baseline. The model assumed homogeneous mixing of
contacts with

symptomatic and asymptomatic

infectees, no waning of immunity within the
simulation period, zoonotic transmission excluded
(human-to-human only), and a closed population. To
initiate transmission, non-Thai pilgrims were seeded
with 83 initial cases (48 symptomatic and 35
asymptomatic infectious individuals). This seeding
represents an assumed rare disease prevalence of one
case per 2,000 persons among 166,654 Saudi Arabian

pilgrims.!®
Data Analysis

The model was implemented in Vensim Personal
Learning Edition; graphical outputs were generated
using Microsoft Excel 2016.2% The model equations are
presented in Supplementary Table 3.

Incident cases were defined as individuals
transitioning from the exposed compartments to an
infectious stage (Ia or Is), while prevalence was defined
as the total number of individuals in infectious
compartments at any given time. Primary outcomes
among Thai pilgrims included cumulative incident
cases, 30-day incidence proportion per 100,000
pilgrims, maximum observed daily incidence and
prevalence, cumulative incident severe cases,
cumulative deaths, and the timing of case occurrence.
The day on which cases first reached >1 case was used
as an operational threshold for comparing the timing
of case occurrence across scenarios. In practice, a
confirmed MERS-CoV case would trigger public health

investigation and response in Thailand.?”

To account for infections acquired during the 30-day
exposure period that had not yet progressed to the
infectious stage, total infections acquired by day 30
were calculated as the cumulative number of incident
infections plus the number of individuals remaining in
the exposed compartment on day 30. The cumulative
incidence proportion of total infections was calculated
by dividing the total infections acquired by the Thai
pilgrim population (13,000) and multiplying by 100,000.
Total projected severe cases and deaths were estimated
by applying the corresponding transition probabilities
described in Supplementary Tables 2. These estimates
represent the potential downstream burden arising
from infections acquired during the 30-day period and
were derived using transition probabilities rather than
dynamic simulation beyond day 30.

Results

The projected MERS-CoV infection burden among
Thai pilgrims increased as R, rose, while the
implementation of vaccination consistently mitigated
these outcomes across all evaluated scenarios.

In the absence of a vaccine, the cumulative incident
cases by day 30 ranged from 0.35 cases under low
transmission (Ro=1) to 60.69 cases in a high
transmission superspreading scenario (Ry=8). At Ry=8,
90% VE reduced cumulative incident cases from 60.69
to 6.05 cases (Table 1 and Figure 2).

Vaccination flattened the trajectory of the outbreak by
reducing both the intensity and peak of transmission.
At Ry=8, 90% VE reduced the maximum observed daily
incidence from 10.15 to 1.01 cases/day and the
maximum observed prevalence from 33.65 to 3.36
cases. For most scenarios with Ry, =2, the maximum
observed incidence and prevalence occurred on day 30,
which indicated that transmission was still increasing
and that the true epidemic peaks were not reached
within the 30-day simulation period (Table 1).

Increasing VE delayed the occurrence of cases.
Without vaccination and under high transmission
(Ry=8), the first case occurred on day 8, whereas a 90%
effective vaccine delayed this threshold until day 20.
When measured by prevalent cases, the threshold was
delayed from day 10 to day 23 (Table 1).

and deaths,
particularly under high-transmission scenarios. At
Ro=8, 90% VE reduced cumulative incident severe

Vaccination reduced severe cases

cases by day 30 from 15.43 to 1.54 and cumulative
deaths from 5.66 to 0.57 compared with no vaccination
(Table 1 and Figures 3—4).
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Table 1. Simulation results under different vaccination scenarios according to the basic reproductive number (Ro)
over a 30-day simulation period.

Outcome Details Scenario Ro=1 Ro=2 Ro=4 Ro=6 Ro=8
Infected Cumulative number of Baseline—no vaccine 0.35 1.07 5.30 19.47 60.69
cases incident infections by day  VE 30% 0.24 0.75 3.71 13.62 42.45
30* VE 50% 0.17 0.53 2.65 9.72 30.31
VE 70% 0.10 0.32 1.59 5.83 18.17
VE 90% 0.03 0.11 0.53 1.94 6.05
30-day incidence Baseline—no vaccine 2.66 8.23 40.80 149.77 466.85
proportion (per 100,000 VE 30% 1.86 5.76 28.54 104.77 326.54
Thai pilgrims)" VE 50% 1.33 411 20.38 74.80 233.12
VE 70% 0.80 2.47 12.22 44.86 139.80
VE 90% 0.27 0.82 4.07 14.94 46.58
Maximum observed daily Baseline—no vaccine 0.02 0.04 0.44 2.47 10.15
incidence (cases/day)* VE 30% 0.01 0.03 0.31 1.72 7.10
VE 50% 0.01 0.02 0.22 1.23 5.07
VE 70% 0.00 0.01 0.13 0.74 3.04
VE 90% 0.00 0.00 0.04 0.25 1.01
Day of maximum Baseline—no vaccine 7 30 30 30 30
observed daily incidence*  VE 30% 7 30 30 30 30
VE 50% 7 30 30 30 30
VE 70% 7 30 30 30 30
VE 90% 7 30 30 30 30
Day on which cumulative Baseline—no vaccine NA 29 14 10 8
incident cases first VE 30% NA NA 16 12 10
reached >1 case® VE 50% NA NA 20 14 11
VE 70% NA NA 25 17 14
VE 90% NA NA NA 25 20
Maximum observed Baseline—no vaccine 0.09 0.30 2.12 9.55 33.65
prevalence (cases/day)" VE 30% 0.06 0.21 1.48 6.68 23.53
VE 50% 0.05 0.15 1.06 4.77 16.80
VE 70% 0.03 0.09 0.64 2.86 10.08
VE 90% 0.01 0.03 0.21 0.95 3.36
Day of maximum Baseline—no vaccine 17 30 30 30 30
observed prevalence? VE 30% 17 30 30 30 30
VE 50% 17 30 30 30 30
VE 70% 17 30 30 30 30
VE 90% 17 30 30 30 30
Day on which prevalence Baseline—no vaccine NA NA 20 13 10
first reached 21 case* VE 30% NA NA 25 15 12
VE 50% NA NA 30 18 13
VE 70% NA NA NA 22 16
VE 90% NA NA NA NA 23
Exposed Exposed individuals Baseline—no vaccine 0.04 0.21 2.19 12.33 50.76
cases** remaining on day 30 VE 30% 0.03 0.15 1.53 8.62 35.51
VE 50% 0.02 0.10 1.09 6.16 25.35
VE 70% 0.01 0.06 0.66 3.69 15.20
VE 90% 0.00 0.02 0.22 1.23 5.06
Severe Cumulative number of Baseline—no vaccine 0.15 0.43 1.78 5.62 15.43
cases incident severe cases by VE 30% 0.11 0.30 1.25 3.93 10.79
day 30 VE 50% 0.08 0.21 0.89 2.81 7.71
VE 70% 0.05 0.13 0.53 1.68 4.62
VE 90% 0.02 0.04 0.18 0.56 1.54
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Table 1. Simulation results under different vaccination scenarios according to the basic reproductive number (Ro)
over a 30-day simulation period (cont.).

Outcome Details Scenario Ro=1 Ro=2 Ro=4 Ro=6 Ro=8
Deaths Cumulative number of Baseline—no vaccine 0.09 0.25 0.87 2.35 5.66
deaths by day 30 VE 30% 0.07 0.17 0.61 1.65 3.96

VE 50% 0.05 0.12 0.44 1.18 2.83

VE 70% 0.03 0.07 0.26 0.71 1.70

VE 90% 0.01 0.02 0.09 0.23 0.57

*Incident infectious cases were defined as individuals transitioning from the exposed compartment (E) to either the symptomatic infectious (Is) or
asymptomatic infectious (la) compartment. The cumulative number was obtained by accumulating these incident flows over the 30-day simulation
period. *The 30-day incidence proportion per 100,000 Thai pilgrims was calculated as the cumulative number of incident infectious cases by day 30
divided by the total Thai pilgrim population (13,000) and multiplied by 100,000. *Daily incidence was defined as the number of individuals transitioning
from E to Is or la per day. The maximum observed daily incidence was the highest value during the 30-day simulation period. $The day on which
cumulative infectious cases first reached =1 case was used as an operational threshold for comparing the timing of case occurrence across scenarios.
In practice, a confirmed MERS-CoV case would trigger public health investigation and response in Thailand. "Prevalence of infectious cases was defined
as the number of individuals currently in the symptomatic infectious (Is) and asymptomatic infectious (la) compartments at a given time (Is + la). The
maximum observed prevalence was the highest value during the 30-day simulation period. #The day on which the prevalence of infectious cases (Is +
la) first reached 21 case. **Exposed individuals were those remaining in the exposed (E) compartment on day 30 and had not yet transitioned to an
infectious compartment. VE: vaccine effectiveness. Ro: basic reproduction number. NA: not reached during the 30-day simulation period.
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Figure 2. Cumulative number of incident infections among Thai pilgrims attending the Hajj under different vaccine
effectiveness (VE) and basic reproduction number (Ro) scenarios over the 30-day simulation period.*
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Figure 3. Cumulative number of incident severe cases among Thai pilgrims attending the Hajj under different vaccine
effectiveness (VE) and basic reproduction number (Ro) scenarios over the 30-day simulation period.*
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Figure 4. Cumulative number of deaths among Thai pilgrims attending the Hajj under different vaccine effectiveness (VE) and
basic reproduction number (Ro) scenarios over the 30-day simulation period.*

Individuals remaining in the exposed compartment at total infections acquired were 111.45 (857.31 per 100,000
day 30 were included in the total infection burden, Thai pilgrims) without vaccination compared with 11.11
because they had already acquired infection, but had not (85.46 per 100,000) with 90% VE. The corresponding
yet progressed to the infectious stage. The total projected total severe cases were 47.19 and 4.70, and total projected
disease burden was reduced with increasing VE. At Ry=8, deaths were 40.58 and 4.05, respectively (Table 2).
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Table 2. Projected total disease burden arising from MERS-CoV infections acquired by Thai pilgrims during the 30-day
simulation period under different vaccine effectiveness and basic reproduction number (Ro) scenarios.

Outcome Scenario Ro=1 Ro=2 Ro=4 Ro=6 Ro=8
Total infections acquired* Baseline—no vaccine 0.39 1.28 7.49 31.80 111.45
VE 30% 0.27 0.90 5.24 22.24 77.96
VE 50% 0.19 0.63 3.74 15.88 55.66
VE 70% 0.11 0.38 2.25 9.52 33.37
VE 90% 0.03 0.13 0.75 3.17 11.11
Cumulative incidence proportion of  Baseline—no vaccine 3.00 9.85 57.62 244.62 857.31
total infections acquired (per VE 30% 2.08 6.92 40.31 171.08 599.69
100,000 Thai pilgrims)* VE 50% 1.46 4.85 28.77 122.15 428.15
VE 70% 0.85 2.92 17.31 73.23 256.69
VE 90% 0.23 1.00 5.77 24.38 85.46
Total severe cases acquired’ Baseline—no vaccine 0.17 0.54 3.17 13.46 47.19
VE 30% 0.11 0.38 2.22 9.42 33.01
VE 50% 0.08 0.27 1.58 6.72 23.57
VE 70% 0.05 0.16 0.95 4.03 14.13
VE 90% 0.01 0.06 0.32 1.34 4.70
Total deaths acquired® Baseline—no vaccine 0.14 0.47 2.73 11.58 40.58
VE 30% 0.10 0.33 191 8.10 28.39
VE 50% 0.07 0.23 1.36 5.78 20.27
VE 70% 0.04 0.14 0.82 3.47 12.15
VE 90% 0.01 0.05 0.27 1.15 4.05

*Total infections acquired by day 30 were calculated as the cumulative number of incident cases plus the number of individuals remaining in the

exposed (E) compartment on day 30. Exposed individuals were already infected but had not yet transitioned to an infectious compartment. The

30-day cumulative incidence proportion of total infections acquired was calculated as the total infections acquired by day 30 divided by the total
Thai pilgrim population (13,000) and multiplied by 100,000. *Total severe cases were calculated as total infections acquired by day 30 x 0.58

symptomatic probability x 0.73 probability of severe disease among symptomatic cases. $Total deaths were calculated as total infections acquired

by day 30 x 0.58 x 0.73 x 0.86 probability of death among severe cases.

Discussion

This study demonstrated that increasing vaccine
effectiveness would consistently reduce the projected
MERS-CoV burden among Thai pilgrims across all
transmission scenarios. Higher VE levels would yield
greater relative reductions in incident cases, severe
clinical outcomes, and deaths, particularly as Ro
increased. Beyond reducing the absolute number of
infections, vaccination would serve to mitigate the
intensity of transmission and suppress the epidemic
trajectory by lowering peak daily incidence and
prevalence.

The wide R, range explored (1-8) reflected variations
in MERS-CoV transmissibility across epidemiological
settings. Previous studies have generally estimated R,
below one in community settings in Saudi Arabia, and
surveillance among Hajj pilgrims has found little
evidence of MERS-CoV circulation.!**3!7 In contrast,
substantially higher transmission has occurred during
healthcare-associated superspreading events, including

the 2015 South Korea nosocomial outbreak (Ro=8.1).1°9-22
Therefore, the higher R, scenarios in this study
represented worst-case rather than routine Hajj
conditions.

Vaccination reduced the maximum observed daily
incidence and prevalence and delayed case occurrence.
At Ry=8, 90% VE delayed cumulative incident cases
reaching >1 case by 12 days. Such a delay during a
time-limited mass gathering could provide additional
time for detection, investigation, isolation, and other
control measures. Similar effects have been reported in
influenza modelling studies, in which vaccination
reduced epidemic burden and influenced the magnitude
and timing of epidemic peaks.?®?2° However, maximum
incidence and prevalence frequently occurred on day
30, which indicated that the true epidemic peaks were
not reached within the simulation period.

The presence of exposed individuals at day 30
indicated that some pilgrims had acquired infection,
but had not yet progressed to the infectious stage.
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These individuals could become infectious after
returning to Thailand, which highlights the importance
of post-travel surveillance, early detection, and rapid
isolation. This finding also supports Thailand’s current
strategy of 14-day post-travel health monitoring and
screening of returning pilgrims at airports.3°

Nevertheless, these findings should be interpreted in
the context of the relatively low incidence of MERS-
CoV among Hajj pilgrims. Thailand has previously
reported imported MERS-CoV cases, but has not
identified local transmission.® Furthermore, Thai
pilgrims usually remain in Saudi Arabia for a
relatively limited period during the Hajj season.
Therefore, routine large-scale vaccination of all Thai
pilgrims may not currently be necessary. However,
targeted vaccination strategies may be considered
during periods with increased numbers of reported
MERS-CoV cases, healthcare-associated outbreaks, or
superspreading events in Saudi Arabia.

Limitations

First, the
homogeneous mixing assumption may not reflect

This study has several limitations.

structured contact patterns at the Hajj, where

group
composition, and ritual activities. Second, several

interactions depend on accommodation,
parameters were based on assumptions or published
literature, because of limited epidemiological data
specific to MERS-CoV transmission during the Hajj.
The lack of evidence-based parameter estimates is
likely attributable to the absence of MERS-CoV
in Thailand.

parameter

outbreaks or local transmission

Consequently, data on probability
distributions are limited, which has restricted the
ability to conduct fully stochastic simulations and
comprehensive uncertainty analyses. Third, the model
assumed that all severe cases were detected and
hospitalized. Fourth, vaccination was assumed to
reduce susceptibility to infection only, while potential
effects on disease severity and mortality were not
separately evaluated. Fifth, the model focused solely
on human-to-human transmission and did not
incorporate zoonotic transmission from camels. In
addition, the model focused specifically on Hajj-related
travel; therefore, the findings may not be directly
generalizable to Umrah, which may involve different
travel frequency, duration, and exposure patterns.
Finally, the simulation was limited to a 30-day period
representing Hajj-related exposure. Although the
potential downstream severe cases and deaths arising
from infections acquired during this period were
estimated, these estimates were based on assumed

transition probabilities rather than explicit simulation
beyond day 30. Furthermore, the model did not
account for secondary transmission that could occur
Thailand.
Therefore, the longer-term public health impact of

after infected pilgrims returned to

vaccination may be underestimated.
Public Health Recommendations

Although the projected burden of MERS-CoV infection
among Thai pilgrims was relatively low under lower-
transmission scenarios, the model demonstrated that
infections, severe cases, and deaths increased rapidly
under high Ro conditions. Therefore, Thailand should
continue strengthening preparedness measures for
MERS-CoV among pilgrims traveling to Saudi Arabia,
particularly during periods with increased numbers of
reported MERS-CoV cases, healthcare-associated
outbreaks, or superspreading events in Saudi Arabia.
Based on the current epidemiological situation, routine
large-scale vaccination of all Thai pilgrims might not
currently be necessary. However, if MERS-CoV
transmissibility, prevalence, or outbreak activity
increases in Saudi Arabia, targeted vaccination
strategies for high-risk pilgrims should be considered
if a safe and effective MERS-CoV vaccine becomes
available in the future. Further studies should evaluate
the cost-effectiveness of MERS-CoV vaccination
strategies and assess the combined effects of vaccination
and non-pharmaceutical interventions,
screening, rapid isolation, and post-travel surveillance.

including

Conclusion

Increasing vaccine effectiveness reduced the projected
MERS-CoV burden among Thai Hajj
particularly under higher-transmission scenarios, and

pilgrims,

delayed the occurrence of cases. Although the expected
risk remains low under routine transmission conditions,
vaccination may provide greater benefit during periods
of increased MERS-CoV activity. Infections acquired
near the end of travel may become infectious after
pilgrims have returned to Thailand, emphasizing the
continued importance of post-travel surveillance, early
detection, and rapid response. Targeted vaccination
may therefore be considered when transmission risk
increases, while further studies should assess cost-
effectiveness and the combined effects of vaccination
and other preventive measures.
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