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ABSTRACT

GRAPHICAL ABSTRACT

COVID-19 vaccination around Saudi Arabia's 2021 vaccination requirement: time-series and

synthetic control

] TM

Data Design Findings

o National weekly doses, Jan-Oct 2021 e Announced 18 May, enforced 1 Aug 2021 o Weekly doses/100: 1.64 to 3.84

e Our World in Data + OXCGRT e Segmented regression (ITS) e Peak 7.51; mostly second doses

o 47 comparison countries o Synthetic control + placebo tests o Gap +14.0/100 vs synthetic, p = 0.60

Uptake accelerated before enforcement, but robust net gain versus a synthetic counterfactual was not shown.

Background: On 18 May 2021, Saudi Arabia announced that, from 1 August 2021, proof of COVID-19 vaccination

in the Tawakkalna application would be required to enter government and private establishments, educational
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institutions, events and public transport. We estimated how vaccine uptake changed around the announcement
and enforcement of this requirement.

Methods: Quasi-experimental study of national weekly data (3 January to 30 October 2021; 43 weeks) from Our
World in Data, with policy timing from the Oxford COVID-19 Government Response Tracker. Segmented
regression with autocorrelation-robust errors modelled weekly doses per 100 population with interruptions at
announcement and enforcement. A synthetic control built from 47 countries without mandatory-vaccination codes
in the policy tracker estimated the gap in cumulative primary-series doses per 100 population (primary estimand),
with placebo-in-space, in-time placebo, negative-control and timing-shift analyses.

Results: Mean weekly doses per 100 population rose from 1.64 before the announcement to 3.84 between
announcement and enforcement, peaking at 7.51 in the first enforcement week; second doses accounted for most
of the July increase. The weekly trend steepened after the announcement (slope 0.41 versus 0.21 doses per 100
per week) and reversed after enforcement (slope change -0.87 (95% CIl -1.18 to —0.56)). By 30 October 2021,
Saudi Arabia had administered 14.0 more cumulative doses per 100 population than its synthetic control (125.4
versus 111.4), but this gap was not unusual relative to placebo countries (permutation p = 0.60), was —4.2 at
enforcement, and varied in sign across sensitivity analyses.

Conclusions: Vaccination activity in Saudi Arabia accelerated between the announcement and the enforcement
of the vaccination requirement, mainly through completion of second doses. Comparison with a synthetic
counterfactual did not provide robust evidence of additional cumulative uptake attributable to the policy, and the
result depends on assumptions that the falsification tests only partly supported.
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1. Introduction

COVID-19 vaccination prevented a large share of the deaths that the pandemic would otherwise have caused
during 2021 [1], yet high coverage depended on the willingness of eligible people to come forward, and willing-
ness varied widely between and within countries [2,3]. Governments therefore combined supply-side meas-
ures with demand-side policies, ranging from information campaigns and financial incentives to lotteries and
requirements to show proof of vaccination for access to workplaces, venues and services [4-6]. Requirements
of the last type, often called vaccine certificates, passes or mandates, were among the most consequential
and contested measures of the pandemic because they made participation in ordinary social and economic life
conditional on vaccination status [7-9].

The evidence on whether such requirements increase uptake comes mostly from Europe and North America.
A synthetic control study of six European countries found that certificate requirements were followed by in-
creased daily vaccinations, beginning about 20 days before implementation, with larger effects where baseline
uptake was below average [10]. Difference-in-differences and time-series analyses of Canadian provinces,
France, Italy and Germany associated mandate announcements with a surge of more than 60% in weekly first
doses [11], and modelling for France, Italy and Germany linked certificates to additional vaccinations and to
health and economic benefits [12]. Subsequent interrupted time-series studies in Canada, France, Italy, Cali-
fornia and New Orleans broadly reported increases following announcements, while noting that the size of the
response depended on pre-existing coverage, hesitancy, timing and the epidemic context [13—18]. Behavioural
research also suggests that mandatory approaches can provoke reactance or crowd out voluntary motivation
in some groups [19,20].

Saudi Arabia provides an instructive and under-studied case. The national vaccination campaign began in
December 2020 and was organised around a single digital platform: vaccination appointments, certificates and
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health status were integrated into the Sehhaty and Tawakkalna applications, which were already used to man-
age movement permissions during earlier phases of the pandemic [21,22]. On 18 May 2021 the Ministry of In-
terior announced that, from 1 August 2021, entry to government and private establishments, educational insti-
tutions, entertainment and sports events and the use of public transport would require an "immune" status in
Tawakkalna. The policy was part of a wider package of more than thirty pandemic measures [23] and was ap-
plied at national scale with digital verification, which distinguishes it from the regionally or sectorally implemen-
ted certificates evaluated elsewhere. Before the campaign, surveys reported vaccine acceptance among
Saudi residents ranging from about half to two thirds of respondents, with hesitancy concentrated in specific
groups [24-26]; later surveys examined motivations for vaccination and perceptions after the requirement [27—
29]. To our knowledge, the population-level change in vaccine uptake around the announcement and enforce-
ment of the requirement has not been evaluated with a quasi-experimental design.

We therefore asked whether the announcement and enforcement of the Saudi vaccination requirement were
followed by changes in the level and trend of vaccine doses administered, relative to Saudi Arabia's own pre-
announcement trajectory and to a synthetic counterfactual constructed from countries that did not adopt man-
datory vaccination policies during 2021. Because a single national policy cannot be randomised, we combined
two complementary designs, interrupted time series and synthetic control, and subjected both to pre-specified
falsification tests [30,31].

2. Materials and Methods

2.1. Study Design

This was a quasi-experimental evaluation of a national policy using publicly available aggregate data. The
single-group interrupted time series (ITS) used Saudi Arabia's own pre-announcement trend as the counterfac-
tual [32,33]. The synthetic control method (SCM) built the counterfactual from a weighted combination of com-
parison countries chosen to reproduce Saudi Arabia's pre-announcement trajectory [34,35]. The statistical
analysis plan, including the primary estimand, donor-pool rules, sensitivity analyses and a rule for reporting
artefacts, was written and frozen before effects were estimated; two later clarifications (donor-series complete-
ness and the cross-validation scheme of one sensitivity analysis) were logged with their reasons before inter-
pretation.

2.2. Intervention

The intervention is described in Table 1 following the Template for Intervention Description and Replication (Tl-
DieR) logic. The requirement was announced by the Ministry of Interior on 18 May 2021 and took effect on 1
August 2021; the Oxford COVID-19 Government Response Tracker (OXCGRT) codes Saudi Arabia's mandat-
ory-vaccination indicator as active from 1 August 2021 [36]. Because behaviour may respond when a policy is
announced rather than when it binds [10,11], we treated the 11 weeks between announcement and enforce-
ment as a distinct anticipation phase.

Table 1. Description of the intervention.

Item Description

Name National requirement of COVID-19 vaccination (“immune" status) for access to
establishments, events and public transport

Issuing authority Ministry of Interior, Kingdom of Saudi Arabia (announced through the Saudi Press Agency)
Announcement 18 May 2021

Enforcement 1 August 2021 (OxCGRT mandatory-vaccination indicator active from this date)

Settings Government and private establishments, educational institutions, entertainment, sports and

other events, public transport

Mechanism Digital verification of vaccination status in the Tawakkalna application at points of entry
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Item Description
Target population Residents of Saudi Arabia eligible for vaccination

Concurrent context Free vaccination for citizens and residents; expanding supply and second-dose scheduling
during mid-2021

OXCGRT, Oxford COVID-19 Government Response Tracker. Exemption rules defined by the Ministry of Health
are not described in the data sources used and were not modelled.

2.3. Data Sources

Vaccination data were obtained from the Our World in Data (OWID) COVID-19 vaccination database, which
compiles official country-reported cumulative counts of doses administered, people with at least one dose,
people with a completed primary series and booster doses [37]. Weekly confirmed COVID-19 deaths reported
to the World Health Organization were obtained from the OWID cases and deaths file, and population denom-
inators (United Nations World Population Prospects 2022) from the OWID input file. Policy timing for all coun-
tries was taken from the OXCGRT compact national dataset [36]. All files were downloaded on 6 November
2026 from the public GitHub repositories of the two projects, frozen and checksummed; they are distributed
under the Creative Commons Attribution 4.0 licence.

2.4. Study Period, Units and Outcomes

The unit of analysis was the country-week, with weeks running from Sunday to Saturday to follow the Saudi
working week. The study period comprised 43 weeks from 3 January to 30 October 2021: a pre-announce-
ment phase of 19 weeks (to 15 May), an anticipation phase of 11 weeks (16 May to 31 July) and an enforce-
ment phase of 13 weeks (1 August to 30 October). Follow-up ended before booster doses were reported for
Saudi Arabia. Cumulative counts reported on irregular dates were linearly interpolated in calendar time and
read at each week end; interpolation was never extended beyond the observed range. Weekly doses were the
first differences of the interpolated cumulative series.

The primary outcome was cumulative primary-series doses per 100 population, defined as total doses admin-
istered minus booster doses (boosters set to zero before a country's first booster report). This definition pre-
vents booster campaigns that began in some comparison countries in late 2021 from inflating the counterfac-
tual. The ITS outcome was weekly doses per 100 population. Because Saudi Arabia reported first and com-
pleted-series counts separately only from late June 2021, the split between first and second doses was de-
scribed for July to October without inferential modelling. Weekly COVID-19 deaths per million served as a neg-
ative-control outcome for which an immediate change at the announcement would be implausible.

2.5. Comparison Countries

Donor countries for the SCM were selected by rules fixed in advance: population of at least one million; a re-
ported cumulative dose value within 10 days of every week end and a valid interpolated value at every week
end; no OXCGRT mandatory-vaccination coding at any time between 1 January and 31 October 2021; and ex-
clusion of the six countries whose certificate requirements were evaluated by Mills and Rittenauer (Denmark,
France, Germany, Israel, Italy and Switzerland) [10]. Countries meeting these rules were retained without in-
spection of their outcomes. 47 countries were eligible; Gulf states that adopted requirements in 2021 were ex-
cluded by the OXCGRT rule.

2.6. Statistical Analysis

The primary estimand was the difference between observed and counterfactual cumulative primary-series
doses per 100 population in Saudi Arabia at the end of follow-up (week ending 30 October 2021), with expos-
ure beginning in the announcement week. The identifying assumption was that a weighted combination of
donor countries that reproduced Saudi Arabia's pre-announcement trajectory would have continued to approx-
imate it in the absence of the policy, with no spillover between countries and no concurrent Saudi-specific
shock.
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SCM weights were constrained to be non-negative and to sum to one and were chosen to minimise the mean
squared prediction error over the 19 pre-announcement weeks, using every pre-period value of the outcome
as a predictor [34,35]. The quality of pre-period fit was summarised by the root mean squared prediction error
(RMSPE). Inference used placebo-in-space permutation: each donor in turn was treated as if it had adopted
the policy and its own synthetic control was built from the remaining donors. We report two permutation p-val-
ues: the rank of Saudi Arabia's post-to-pre RMSPE ratio among all units, and the rank of the absolute end-of-
follow-up gap among placebos whose pre-period RMSPE was no more than five times that of Saudi Arabia
[34,38]. We also report the gap at 31 July 2021, the end of the anticipation phase.

For the single-group ITS, weekly doses per 100 population were modelled by segmented linear regression
with terms for the baseline level and trend, a level change and a trend change at the announcement week,
and a further level and trend change at the enforcement week [32,33]. Standard errors were heteroskedasti-
city- and autocorrelation-consistent (Newey—West, Bartlett kernel, lag of three weeks chosen by the rule

roor(4(n/100)2/9)) [39]. Residual autocorrelation was summarised by the Durbin—Watson statistic and the
Ljung—Box test at lag 4 [40]. Phase-specific slopes and their confidence intervals were obtained as linear com-
binations of coefficients.

Pre-specified sensitivity analyses for the SCM were: onset at enforcement; onset moved two and four weeks
earlier than the announcement; exclusion of Middle Eastern and North African donors; restriction to donors
whose cumulative level at 15 May 2021 was within £50% of Saudi Arabia’s; total doses including boosters as
the outcome; leave-one-out removal of each donor with a weight of at least 0.01; and a ridge-augmented syn-
thetic control, a penalised-regression (machine-learning) correction for imperfect pre-period fit, with the penalty
chosen by hold-out validation on the last six pre-period weeks [41,42]. For the ITS, sensitivity analyses used
regression with first-order autoregressive errors, a baseline starting in March 2021 after vaccine eligibility had
been extended to all adults, and a logarithmic outcome [43,44]. Falsification tests comprised an in-time
placebo with a pseudo-onset on 21 March 2021 using only pre-announcement data, the negative-control out-
come, and the permutation distributions. A rule defined in advance flagged reporting artefacts (a weekly incre-
ment that was negative or more than three times the median of the four preceding and four following incre-
ments). The primary SCM gap and the ITS coefficients were recomputed by an independent implementation
using a different optimisation algorithm (non-negative least squares) applied to series re-derived from the raw
files and hand-coded Newey—West estimation.

One primary estimand was defined; secondary estimates are reported with 95% confidence intervals as sup-
porting evidence without multiplicity adjustment. Analyses used Python 3 with pandas, NumPy, SciPy and
statsmodels.

2.7. Reporting Guideline

The study is reported in accordance with the Transparent Reporting of Evaluations with Nonrandomized
Designs (TREND) statement [45], with elements of guidance for interrupted time-series and synthetic control
studies in public health [30,32,46].

2.8. Ethical Considerations

The study used only publicly available, aggregate, de-identified national statistics. No individual-level data
were accessed, and ethical approval and informed consent were not required.

3. Results

3.1. Descriptive Trends

Saudi Arabia had administered 31.6 doses per 100 population by 15 May 2021, compared with a median of
16.4 among donor countries. Cumulative doses reached 73.8 per 100 population by 31 July and 125.4 by 30
October 2021 (donor median 95.4). Mean weekly doses per 100 population were 1.64 in the pre-announce-
ment phase, 3.84 in the anticipation phase and 3.97 in the enforcement phase; the highest weekly value, 7.51,
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occurred in the first enforcement week, ending 7 August 2021 (Table 2, Figure 1). No week met the pre-spe-
cified artefact rule.

Between 3 and 31 July 2021, the share of the population with at least one dose rose from 45.6% to 51.6%,
whereas the share with a completed primary series rose from 4.7% to 22.2%. Over the four weeks to 31 July,
about 6.0 first doses and 17.5 second doses per 100 population were administered. By 30 October, coverage
reached 66.4% for at least one dose and 58.9% for the completed series (Figure 4A).

Table 2. Vaccine doses administered in Saudi Arabia by policy phase, January—-October 2021.

Phase Weeks Dates Mean weekly doses per 100 Cumulative doses per 100 at end of
phase

Pre-announcement 19 3 Jan-15 May 2021 1.64 31.6

Anticipation 11 16 May-31 Jul 2021 3.84 73.8

Enforcement 13 1 Aug—-30 Oct 2021 3.97 125.4

Doses are all doses administered (no booster doses were reported for Saudi Arabia during the period). Popu-
lation denominator: United Nations World Population Prospects 2022.

= Segmented regression fit
+ Pre-announcement trend projected
Observed weekly doses

Enforcement
1 Aug 2021

Announcement
18 May 2021

Doses administered per 100 population per week

w
1

T T T
Jan Feb Mar Apr May Jun Jul Al

T
g Sep Oct Nov

.
e Sy R R
.

Figure 1. Weekly COVID-19 vaccine doses per 100 population in Saudi Arabia with segmented regression fit,
January—October 2021. Dashed lines mark announcement and enforcement; the dotted line projects the pre-
announcement trend. Doses rose in July and declined after enforcement.

3.2. Interrupted Time Series

Before the announcement, weekly doses increased by 0.21 (95% CI 0.16 to 0.27) doses per 100 population
per week (Table 3). The announcement week was not followed by a clear level change (-1.99 (95% CI -4.11
to 0.13)), whereas the trend became steeper: the slope in the anticipation phase was 0.41 (95% CI 0.13 to
0.69) doses per 100 per week, a change of 0.19 (95% CI —-0.08 to 0.46) relative to baseline. At enforcement
there was no detectable level change (0.45 (95% CI -1.40 to 2.30)), but the trend reversed (slope change
—-0.87 (95% CI -1.18 to —0.56); slope during enforcement —0.46 (95% CI -0.54 to —0.39)). Residual autocor-
relation was moderate (Durbin—Watson 1.40; Ljung—Box lag 4 p = 0.022). Estimates were similar with autore-
gressive errors (estimated first-order coefficient 0.37) and with a March baseline, in which the anticipation
slope change was 0.28 (95% CI 0.02 to 0.55). On the logarithmic scale, however, the announcement was as-
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sociated with a lower level and a small negative slope change, indicating that the apparent acceleration re-
flects the absolute volume of doses rather than a proportional change in growth.

Table 3. Segmented regression of weekly vaccine doses per 100 population in Saudi Arabia.

Parameter Primary model, estimate p AR(1) errors (95% CI) Baseline from March 2021
(95% Cl) (95% CI)

Baseline weekly trend 0.21 (95% CI 0.16 to 0.27) p< 0.19 (95% CI1 0.00 to 0.37)  0.12 (95% CI 0.04 to 0.20)

0.001

Level change at -1.99 (95% Cl -4.11t00.13) p= -1.16 (95% CI -2.57 to -1.62 (95% CI -3.75 to 0.51)

announcement 0.066 0.25)

Trend change after 0.19 (95% CI —0.08 to 0.46) p= 0.17 (95% CI -0.11 to 0.28 (95% CI 0.02 to 0.55)

announcement 0.159 0.44)

Level change at 0.45 (95% CI —1.40 to 2.30) p= 0.53 (95% CI -1.62 to 0.45 (95% CI —-1.44 to 2.33)

enforcement 0.635 2.68)

Trend change after -0.87 (95% Cl -1.18 to p< —-0.80 (95% CI -1.08 to —-0.87 (95% Cl -1.18 to —0.56)

enforcement —-0.56) 0.001 —-0.53)

Primary model: ordinary least squares with Newey—West standard errors (lag 3), 43 weeks. AR(1), first-order
autoregressive error model. Cl, confidence interval. Trend parameters are in doses per 100 population per
week; level parameters in doses per 100 population.

3.3. Synthetic Control

The synthetic control for Saudi Arabia combined India (0.478), Singapore (0.317), Dominican Republic (0.164),
Mongolia (0.041), and reproduced the pre-announcement trajectory closely (pre-period RMSPE 0.58 doses
per 100 population; Figure 2). During the anticipation phase, observed cumulative doses tracked slightly below
the synthetic control; at 31 July 2021 the gap was —4.2 doses per 100 population (73.8 observed versus 78.0
synthetic). During enforcement, Saudi Arabia overtook its synthetic control, and by 30 October 2021 the gap
was 14.0 doses per 100 population (125.4 versus 111.4).

This gap was not distinguishable from the distribution of placebo gaps (Figure 3). Among 44 placebo countries
with acceptable pre-period fit, the permutation p-value for the end-of-follow-up gap was 0.60; for the post-to-
pre RMSPE ratio across all 47 placebos, it was 0.88. The large ratio for Saudi Arabia (16.3) reflects its very
small pre-period error rather than an unusually large post-period divergence.
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Figure 2. Cumulative primary-series doses per 100 population in Saudi Arabia and its synthetic control (India,
Singapore, the Dominican Republic and Mongolia), January—October 2021. Saudi Arabia tracked slightly be-
low its synthetic control until enforcement and above it thereafter.
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Figure 3. Gap between observed and synthetic cumulative doses per 100 population for Saudi Arabia and 44
placebo countries with acceptable pre-period fit (grey). The Saudi gap lies within the range of placebo gaps
throughout follow-up.

3.4. Sensitivity and Falsification Analyses

The direction and size of the end-of-follow-up gap depended on specification (Table 4, Figure 5). Moving the
onset to enforcement gave a gap of 20.3 doses per 100 population (permutation p = 0.22), and moving it two
or four weeks earlier gave 8.9 and 8.0. With earlier onsets the gap at 31 July was clearly negative (-16.6 and
-26.8), meaning that the synthetic control predicted faster accumulation during June and July than was ob-
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served. Restricting the donor pool to countries with a similar level of coverage in mid-May reversed the sign of
the end-of-follow-up gap (-5.5). Excluding Middle Eastern and North African donors did not change the estim-
ate because none received positive weight. Using total doses including boosters reduced the gap to 7.4.
Leave-one-out estimates ranged from 7.5 to 16.8. Hold-out validation for the ridge-augmented synthetic con-
trol selected the largest penalty on the grid, so the augmentation added essentially no correction and the es-
timate coincided with the primary analysis (14.0 at 30 October); an earlier run with a one-step validation
scheme had selected the smallest penalty and produced an implausible, extrapolated counterfactual, which
motivated the logged change of scheme.

The in-time placebo did not pass: a pseudo-onset on 21 March 2021, estimated with pre-announcement data
only, produced a gap of —20.9 doses per 100 population by 15 May 2021, larger in absolute value than the
primary estimate. This shows that, even without any policy, the synthetic control could diverge from Saudi Ara-
bia by more than ten doses per 100 within eight weeks. For the negative-control outcome, weekly deaths
showed no clear level change at the announcement (0.75 (95% CI —0.10 to 1.60) deaths per million), consist-
ent with the absence of an immediate artefact at that date; deaths declined from August as the epidemic wave
subsided (Figure 4B). Table 5 summarises the falsification results.

Table 4. Synthetic control estimates: primary analysis and sensitivity analyses.

Specification Gap at 31 July 2021 Gap at 30 October Pre-period Permutation p (end
2021 RMSPE gap)

Primary (onset at announcement) -4.2 14.0 0.58 0.60

Onset at enforcement 1.4 20.3 1.21 0.22

Onset 2 weeks earlier -16.6 8.9 0.44 0.73

Onset 4 weeks earlier -26.8 8.0 0.39 0.72

Donors with similar coverage level — -22.8 -5.5 1.08 0.63

Total doses including boosters -4.8 7.4 0.58 0.71

Ridge-augmented synthetic control  —4.2 14.0 0.58 NA

Leave-one-donor-out (range) NA 7.5t016.8 NA NA

Gaps are observed minus synthetic cumulative primary-series doses per 100 population. RMSPE, root mean
squared prediction error. Permutation p: rank of the absolute end-of-follow-up gap among placebo countries
with pre-period RMSPE no more than five times that of Saudi Arabia. Excluding Middle Eastern and North
African donors gave results identical to the primary analysis. NA, not applicable.

A. First-dose and full-course coverage B. Negative-control outcome: weekly deaths

[e0]
o
1

~
o
1

(o2}
o
1

o
o
1

w
o
1

N

o
1

N

Cumulative coverage (% of population)
N
o
1
C O N
AN
COVID-19 deaths per million per week

[
o
1
N

= At least one dose
== = Completed primary series
1 T I OO 1 T I T
g Sep Oct Nov Jan Mar May Jul Sep

C e

[
=
>

MHJ - MHJ-2026-000367 9/15



Figure 4. (A) Coverage with at least one dose and with a completed primary series, July—October 2021. (B)
Weekly COVID-19 deaths per million (negative-control outcome). The July acceleration came mainly from
completed series; deaths showed no change at the announcement.

Primary (announcement onset) @® 140

Onset at enforcement - ® 203
Onset 2 weeks earlier ® 89
Onset 4 weeks earlier ® 80

Excluding MENA donors ® 140

Donors with similar level ® 55

Total doses incl. boosters - ® 74
Ridge-augmented SCM - ® 140

Leave-one-donor-out (range) - 7.51016.8

-10 -5 0 5 10 15 20 25 30
Gap in cumulative doses per 100 population at 30 October 2021

Figure 5. Gap in cumulative primary-series doses per 100 population at 30 October 2021 across synthetic con-
trol specifications; the bar shows the leave-one-donor-out range. Estimates vary in size and sign, indicating
sensitivity to modelling choices.

Table 5. Falsification tests and their interpretation.

Test Result Interpretation

Placebo in space (end gap) p = 0.60 (44 placebos) Saudi gap within placebo distribution
Placebo in space (RMSPE ratio) p = 0.88 (47 placebos) No unusual post-period divergence

In-time placebo (21 March 2021) Gap —20.9 by 15 May Failed: counterfactual unstable over 8 weeks
Negative-control outcome (deaths) Level change 0.75 (-0.10 to 1.60) Passed at announcement

Reporting-artefact rule No weeks flagged No artefact-driven estimates

Timing shift (-2, —4 weeks, enforcement) End gaps 8.9, 8.0, 20.3 Same sign, varying size

Gaps in cumulative primary-series doses per 100 population; death level change in deaths per million per
week (95% confidence interval). RMSPE, root mean squared prediction error.

4. Discussion

4.1. Principal Findings

Vaccination activity in Saudi Arabia increased markedly in the weeks between the announcement and the en-
forcement of the national vaccination requirement and peaked in the first week of enforcement, after which
weekly doses declined steadily. The July surge consisted mainly of second doses, as people who had re-
ceived a first dose earlier in the year completed their primary series. The single-group time series is compat-
ible with an anticipatory response, but when the counterfactual was constructed from countries without re-
guirements, Saudi Arabia's cumulative uptake was not clearly different from what would be expected: it was
slightly below its synthetic control at enforcement and above it by the end of October, and neither gap stood
out against the placebo distribution. The in-time placebo and the dependence of the estimate on the donor
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pool indicate that the comparative design cannot separate a modest policy effect from the variability of vaccin-
ation trajectories across countries in 2021.

4.2. Comparison with Other Studies

The timing of the Saudi response resembles that reported for European certificates, where vaccinations rose
about three weeks before implementation [10], and the Canadian experience of an announcement-driven
surge [11,13]. Our findings differ in two respects. First, the Saudi increase was dominated by second doses
rather than first doses. This pattern is consistent with the design of the requirement, which linked the "immune"
status to vaccination history, and with the scheduling of second doses that had been deferred while supply
was constrained, as in other countries that prioritised first doses [6]. Because first and second doses cannot
be separated before late June 2021 in the public data, the relative contributions of the policy and of supply-
driven second-dose scheduling cannot be disentangled. Second, the comparative analysis did not detect a ro-
bust additional effect on cumulative uptake. Studies that found larger effects often evaluated settings with
lower or stagnating uptake at the time of the announcement [10,14,16]; studies in settings with high coverage
reported small effects, such as increases of less than one percentage point in first-dose coverage after pass-
port announcements in Quebec and Ontario [17]. Saudi Arabia was above the donor median at the time of the
announcement, which may have limited the scope for additional uptake. The findings are also consistent with
reviews concluding that the behavioural effects of health certification vary with context and may bring harms as
well as benefits [7,9].

The two designs answer different questions, and their apparent disagreement is informative. The single-group
time series compares Saudi Arabia with its own early-2021 trajectory, which was shaped by limited supply and
staged eligibility; any later expansion of supply would appear as a departure from that trend whether or not the
policy contributed. The synthetic control compares Saudi Arabia with countries that faced the same global sup-
ply environment in mid-2021 and also accelerated their campaigns during the northern summer, which is why
much of the Saudi increase was matched by the counterfactual. Under the assumptions of the synthetic con-
trol, the policy is therefore more plausibly associated with a shift in the timing of doses, from the weeks imme-
diately before enforcement into the enforcement period, than with a large net gain. The reversal of the weekly
trend after enforcement is also expected when an increasing share of the eligible population has completed its
primary series, and this saturation cannot be separated from the end of the anticipation incentive. These inter-
pretations remain conditional on the absence of other Saudi-specific changes in mid-2021, such as adjust-
ments to dose intervals or appointment capacity, that the public data do not record.

4.3. Relevance for Saudi Arabia and the Region

Saudi Arabia's requirement was distinctive in being national, digitally verified through a single application and
applied across nearly all public settings [21-23]. Such infrastructure allows rapid and uniform implementation,
and the steep rise in completed primary series before enforcement suggests that people responded to the an-
nounced deadline. For future health emergencies, and for recurring mass-gathering requirements such as
those for Hajj and Umrah [47,48], the results suggest that announcements with a clear lead time may concen-
trate demand into a short window, which requires matching supply and appointment capacity. They also sug-
gest that requirements may affect the timing of vaccination more than its eventual level when coverage is
already high. Evaluations of subsequent booster requirements [29] and of individual-level determinants of up-
take would add to this evidence.

4.4. Strengths and Limitations

Strengths include the use of openly available, version-controlled data with reproducible processing; a statistic-
al analysis plan fixed before estimation; the combination of two designs with different identifying assumptions;
separate modelling of announcement and enforcement; a primary outcome that excludes booster doses; and a
pre-specified battery of falsification tests whose failures are reported. The primary estimate was reproduced by
an independent implementation.
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Several limitations apply. National aggregate data cannot show who responded to the requirement, and the
analysis cannot separate effects on residents of different nationality, age or region. Saudi first-dose counts are
unavailable before late June 2021, so the main ITS outcome mixes first and second doses whose timing was
also shaped by supply and scheduling decisions. Other national measures and the summer epidemic wave
occurred concurrently and may have influenced uptake. The synthetic control relies on a small number of
heavily weighted donors whose vaccination campaigns were shaped by their own supply constraints, policies
and epidemics, and the failed in-time placebo shows that the counterfactual can drift substantially over a few
weeks. The OxXCGRT indicator may not capture all certificate-type policies in donor countries, which would
bias the comparison towards the null. Finally, the requirement was a bundle of setting-specific rules, and we
could not evaluate the components separately.

4.5. Implications for Policy and Research

Policy-makers considering vaccination requirements should expect responses to begin at announcement, plan
supply and appointment capacity for the period before enforcement, and monitor whether the response re-
flects new vaccinations or the completion of courses already begun. Research using individual-level vaccina-
tion records linked to residence, age and nationality, together with first-dose series for the full period, would al-
low stronger designs, such as comparisons of groups more and less affected by the requirement, and could
estimate effects on coverage gaps rather than on national totals.

5. Conclusions

Weekly COVID-19 vaccinations in Saudi Arabia accelerated after the national vaccination requirement was an-
nounced and peaked when it took effect, mainly through completion of second doses. A synthetic counterfactu-
al built from countries without requirements did not show a robust additional gain in cumulative doses, and
falsification tests indicate that the comparative estimate is sensitive to modelling assumptions. The require-
ment appears to have concentrated vaccination in time; whether it increased the eventual level of coverage
cannot be established from national aggregate data.
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