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Abstract

be a prime target for vaccination.

Ministry of Health perspective.

Background: Influenza is a substantial cause of morbidity and mortality for Israel and the Palestinian territory. Given
the extensive interaction between the two populations, vaccination in one population may indirectly benefit the
other via reduced transmission. Due to the mobility and extensive contacts, Palestinians employed in Israel could

Methods: To evaluate the epidemiological and the economic benefits conferred by vaccinating Palestinians
employed in Israel, we developed a model of influenza transmission within and between Israel and the West Bank.
We parameterized the contact patterns underlying transmission by conducting a survey among Palestinians
employed in Israel, and integrating survey results with traffic patterns and socio-demographic data.

Results: Vaccinating 50% of Palestinian workers is predicted to reduce the annual influenza burden by 28,745 cases
(95% CI: 15,031-50,717) and 37.7 deaths (95% Cl: 19:9-65-5) for the Israeli population, and by 32,9900 cases (95% Cl:
14,379-51,531) and 20.2 deaths (Cl 95%: 9-8-31-5) for the Palestinian population. Further, we found that as the
indirect protection was so substantial, funding such a vaccination campaign would be cost-saving from the Israeli

Conclusions: Offering influenza vaccination to Palestinians employed in Israel could efficiently reduce morbidity
and mortality within both Israel and the Palestinian territory.

Keywords: Influenza vaccination, Transmission model, SIR model, Social contact, Cost-effective analysis

Background

Despite conflict between Israel and the Palestinian terri-
tories, economic, familial and cultural factors lead to
extensive interaction between these two populations.
Consequently, a high incidence of an infectious disease
in one population can constitute a primary source of in-
fection for the other [1]. While influenza is a persistent
challenge across the globe, the disease is particularly
problematic in the Middle East due to the exacerbation

* Correspondence: dan.yamin@gmail.com

Dan Yamin and Dor Kahana contributed equally to this work.

'Laboratory for Epidemic Modeling and Analysis, Department of Industrial
Engineering, Faculty of Engineering, Tel Aviv University, 69978 Tel Aviv, Israel
Full list of author information is available at the end of the article

K BMC

of transmission by demographic factors. Specifically,
school-age children, who are disproportionately respon-
sible for transmission [2, 3], represent 30 and 35% of Is-
raeli and Palestinian populations, respectively, compared
to 20% in the United States [4]. In addition, high popula-
tion density increases the daily number of contacts [5].
In Israel alone, influenza is responsible for about
801,200 infections, 4130 hospitalizations and 1140
deaths annually [6]. This burden persists despite uptake
that exceeds 60% within the targeted groups, and 20%
overall. Influenza incidence in the Palestinian territories
is unreliably reported but is likely to be even higher
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given the greater population density, [7] and the consid-
erably low vaccination coverage [8—10].

Over 130,000 Palestinians from the West Bank are
employed in Israel, corresponding to 4.3% of the popula-
tion. These workers commute across the border on a
daily basis. The majority are parents to young children,
and thus at elevated risk of infection [11]. Additionally,
about 12% of Israeli Arabs cross the border to the West
Bank weekly for family visits and leisure time. These ex-
tensive contact patterns between Israelis and Palesti-
nians, particularly within and between long-distance
commuters in one of the world’s most densely populated
regions, exacerbates transmission [12].

Individual’s infection risk is governed by their contacts
[13]. Thus, prioritizing influenza vaccination for individ-
uals with higher connectivity could curtail influenza
transmission [14-16]. In practice, this includes the
prioritization of school-aged children to reduce trans-
mission in both children and adults [2, 3, 17]. Another
form of reaching individuals with high contacts would
be to prioritize those infected in previous seasons. This
population has a disproportionate probability of being
highly connected within contact networks and thus serve
as the super-spreaders [18]. Here we show that vaccinat-
ing populations that may serve as a bridge for transmis-
sion between sub-groups with lower interactions, may
be efficient to reduce transmission. Specifically, we
quantify the extent to which extending influenza vaccin-
ation to Palestinians employed in Israel (PEI) has the po-
tential to quell transmission on both sides of the border.

Cost-effectiveness analysis (CEA) of vaccination bal-
ances the vaccine program’s cost and the incremental
health benefits attributable to the intervention. CEA typ-
ically accounts for the direct benefit of the vaccine in
protecting the vaccinated individual. Here, we suggest a
non-standard cost-effectiveness mechanism. We model
the indirect health-economic benefit to one country gen-
erated from a vaccine’s subsidizing to a citizen from
another country. Namely, the economic benefit is mani-
fested by the indirect protection gained from reduced
transmission (i.e. herd protection).

Specifically, while influenza vaccination is funded for
the entire population in Israel, only vaccination of
healthcare workers is subsidized by Palestinian
authorities.

To evaluate the population-level impact of this tar-
geted vaccination, we developed an influenza transmis-
sion model for Israel and the West Bank. The model
incorporates socio-demographic data, weekly reported
influenza and influenza-like-illness (ILI) diagnoses, influ-
enza vaccination uptake among the Israeli population,
and traffic volume data between Israel and the West
Bank. Additionally, we conducted a survey to capture
the social mixing patterns of PEL. We used this model to
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quantify the transmission within and between Israel and
the Palestinian territory. We found that PEI are at ele-
vated risk of becoming infected. This sub-population
also served as a bridge for transmission between the two
territories. We, therefore, evaluated the effectiveness and
cost-effectiveness of extending Israeli-subsidized vaccin-
ation to these Palestinians. We found that this strategy
would substantially reduce influenza morbidity and mor-
tality on both sides of the border. Even based solely on
the societal benefit to Israel, it would be very cost-
effective for Israel to fund vaccination for these Palestin-
ian workers.

Methods

The study was approved by Tel Aviv University’s institu-
tional review board, signed by Prof. Eran Dolev, on
March 1, 2017.

The overall methodological framework of the study
from chronologic order is presented in Fig. 1. Briefly, we
developed a model of influenza transmission within and
between Israel and the West Bank. We parameterized
the contact patterns underlying transmission by con-
ducting a survey among Palestinians employed in Israel.
We integrated the survey results with traffic patterns
and socio-demographic data. Next, we calibrated the epi-
demiological parameters of our transmission model with
influenza records. We then simulated the transmission
model under a wide variety of vaccination coverage
levels to evaluate the effectiveness and cost-effectiveness
of influenza vaccination for Palestinians employed in
Israel.

Transmission model overview
We developed a dynamic model for influenza transmis-
sion within and between Israel and the Palestinian terri-
tory (Fig. 2A). Our compartmental framework [19]
stratifies the population into health-related compart-
ments. Transitions between the compartments are gov-
erned by a series of difference equations (Fig. 2B). We
further stratified the population into five groups based
on their ethnicity and employment: Israeli Jews, Israeli
Arabs, Palestinians employed in Israel (PEI), Israelis in
contact with Palestinians (ICP) and the rest of the Pales-
tinian population (Fig. 2A and Additional file 1, p 3-7).
The ICP group includes individuals in direct contact
with PEI as part of their workday, such as soldiers at
checkpoints, bus drivers, and Israeli colleagues. Add-
itionally, each group is age-stratified to account for
demographic differences in epidemiological parameters
and mixing patterns (Fig. 2A). Altogether, our model in-
cluded 18 subgroups based on the specification of age,
ethnicity, and employment.

At the beginning of each season, susceptible individ-
uals from subgroup j are in the Sj compartment, from
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Fig. 2 Structure of the model. (A) Diagram of the contact mixing patterns between and within the Israeli and the Palestinian populations. Each
component represents a disjoint group and specifies its size and age stratification. The connections between components describe contacts
between individuals from each group. The groups Palestinians employed in Israel (PEl) and Israelis in close contact with PEI (ICP) interact directly
with each other and serve as a bridge between the general Israeli and Palestinian populations. There is also direct contact between the Israeli-
Arabs and the Palestinian groups due to family visits. (B) Compartmental diagram of the transmission model. Susceptible individuals start in
compartment S, from which they may become infected but not yet infectious and transition to the compartment E, until they move to an
infectious compartment. Infectious individuals can be either symptomatic I or asymptomatic ,, until recovery, when they move to compartment
R. Individuals who are effectively vaccinated transition to the V compartment, and are fully protected for the entire season
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which they may become infected and transition to the
exposed compartment Ej. Following an incubation
period, exposed individuals move to an infectious com-
partment, either symptomatic ljs or asymptomatic l,-A.
Upon recovery, individuals transition to the Rj compart-
ment. Due to cross-reactive antibodies elicited by previ-
ous exposures, we consider an age-specific fraction of
each subgroup to be immune at the beginning of each
influenza season. This fraction of individuals remain in
the immune/recovered compartment for the duration of
the influenza season (Additional file 1, pp. 4). As influ-
enza vaccine efficacy is imperfect, we considered only a
proportion of vaccinated individuals to be protected
against infection [20]. Susceptible individuals for whom
vaccine was effective transition to the Vj compartment.
Individuals in both Rj and Vj are protected for the sea-
son. Parameter values are given in the Additional file 1,
pp. 10-14.

Force of infection

The rate at which an individual from subgroup i infects
an individual from subgroup j depends on a combination
of three factors: 1) subgroup-specific susceptibility for j,
2) subgroup-specific contact rates, and 3) seasonality in
the force of infection. Combining these components, the
daily force of infection A(¢) for an individual in subgroup
j is given by:

Ai(t) - ﬁ/ ' Zke{s,a} ZieN
. <1 + COS<@+ ¢>>
365

where f; is the probability of infection for an individ-
ual from subgroup j, given an infectious contact from an
individual and was calibrated to explicitly consider the
variation in the risk of infection for different subgroups
based on their age and geographical location (see model
calibration). C; ; denotes the contact mixing rates be-
tween infected host i and susceptible individual j.-/* rep-
resents the number of infectious individuals with
category k, depending on whether the infection is symp-
tomatic or asymptomatic. Seasonality is incorporated via
the function (14 cos (3% + ¢) ), previously shown to
accurately capture the seasonal variations of influenza
incidence in Israel [21].

Ci,j . ll'k (t—l)

Contact mixing patterns

We explicitly accounted for the different mixing patterns
between the 18 subgroups modeled (Fig. 2A). The con-
tact mixing patterns between these subpopulations has
not previously been described. Therefore, we estimated
these rates by combining published age-specific contact
diaries for European countries [22] with region-specific
data, including a prospective survey that we conducted
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at border checkpoints. Additional data sources included
Israeli locational data derived from cell phone records
and daily traffic volume data between Israel and the
West Bank.

Age-dependent daily mixing patterns were derived
from a previous survey that was conducted in eight
European countries and was adjusted to 152 additional
countries, including Israel and Jordan [5]. We applied
the Israeli-specific matrix for the mixing rates between
Israelis. As there is no Palestinian-specific matrix, we ap-
plied the Jordanian matrix for mixing within the Pales-
tinian territory. Jordan borders the West Bank and
shares socio-demographic and cultural similarities with
the Palestinian territory.

To account for the difference in contact patterns be-
tween Israeli Arabs and Israeli Jews, we derived a con-
tact matrix from a recent analysis of the movements of
200,000 cell phone users over 2 months combined with
ethnicity data from the Israeli Central Bureau of Statis-
tics [23]. These data reveal that Israeli Arabs and Israeli
Jews have fewer contacts with each other, compared to
mixing within their respective groups (Additional file 1,
pp. 5-6). To evaluate the contact mixing patterns of the
PEI subpopulation, we conducted in-person surveys be-
tween March 2, 2016, and May 4, 2016 (Table S1 Add-
itional file 1, detailed survey data are available
Additional file 2: In-person survey raw data). This time
frame corresponds to the end of the 2016 influenza sea-
son. The survey was administered in Arabic to 500 PEI
between the ages of 19-62 at seven cross-border check-
points. The survey included general socio-demographic
questions as well as detailed questions regarding daily
contacts. These contact data revealed frequent mixing
between similar age groups, moderate mixing between
children and people of their parents’ age, and infrequent
mixing among other age groups. In addition, extensive
contact was revealed between the PEI and ICP groups.

Israeli Arabs and the Palestinian population interact
most often during the weekends for family visits and
leisure time. To quantify these contacts, we used traffic
volume data from the Israeli Central Bureau of Statistics
(CBS). Weekend traffic volumes on roads crossing from
Israel to the Palestinian cities in the West Bank were
used to estimate contacts between the two
subpopulations.

Vaccination coverage

We extracted the vaccination coverage for the Israeli
population from the electronic medical records of Mac-
cabi health maintenance organization (HMO). Maccabi
HMO covers 25% of the Israeli population, providing a
substantial sample of the country’s population. These
electronic medical records (EMR) include longitudinal
data of 250,000 members (randomly assigned), between
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2013 and 2017. Each patient is affiliated with one of 138
clinics of Maccabi [23, 24]. In addition, demographic
data is available, including age. We used this data to esti-
mate the vaccination coverage for each of the subgroups
considered in the model in each of the five influenza
seasons.

For the PEI vaccination coverage was determined,
based on the survey, was 4.4%. As for the general Pales-
tinian population, data is unreliably reported. Neverthe-
less, it has been recently shown that even among
healthcare workers, vaccination coverage in the west
bank was only 21% [25]. We conservatively considered
data from Jordan, a neighboring country with similar
demographics and economic characteristics to the Pales-
tinian territories, indicating that the typical vaccination
coverage is 2% [26].

Model parameterization and calibration

When possible, distributions for epidemiological param-
eters were derived from published literature (Additional
file 1, pp. 7-8). We calibrated the seasonal offset, ¢, as
well as the age and country specific probabilities of in-
fection given an infectious contact, 5, We calibrated
these parameters to weekly reported influenza cases for
Israel. To incorporate region-specific seasonality, we ex-
tracted age-stratified weekly influenza and influenza-
like-illness cases occurring between 2013 and 2017 from
the electronic medical records of Maccabi health main-
tenance organization (HMO). To account for underre-
porting and misdiagnosis, we scaled the number of cases
such that the mean annual incidence for Israel would
range between 20 and 30% in children and 5-10% in
adults, consistent both with WHO estimates [27] and
with a recent meta-analysis of randomized controlled tri-
als [7]. For the base case, we then calibrated the age-
specific transmission parameters to correspond to mid-
points of 15 and 7.5% for children and adults, respect-
ively. The full ranges were considered in the uncertainty
analyses, as detailed below.

For calibration, we used the Nelder-Mead simplex al-
gorithm [28] to select values for the empirically uncer-
tain parameters which maximized the likelihood of the
incidence data from five seasons (2013-2017). Further-
more, we assessed the balance between including add-
itional parameters and the danger of overfitting the
model using the Akaike information criterion (AIC) [29],
a measure of model fitting derived from information
theory. Specifically, we used the AIC to determine the
number of age classes that would optimally be parame-
terized by the available data (Additional file 1, pp. 8-10).

Calculation of secondary cases
To quantify the contribution of each group to influenza
transmission, we calculated the average number of

Page 5 of 11

secondary cases generated per infected individual in a
given subgroup [30]. Throughout the influenza season
that spans from September 1 to April 30, we calculated
the daily rate at which an individual within subgroup i,
would transmit to individuals from subgroup ;j (Add-
itional file 1, pp. 15). The summation of these daily rates
across all age strata in a group is equivalent to the total
number of new cases for which members of the group
had been the source of infection.

Predictive simulations

To determine the population-level impact of a policy
targeting the PEI group for influenza vaccination, we
simulated five influenza seasons. For each of the five sea-
sons simulated, we considered vaccination uptake of 25,
50 and 75% for the PEI population as well as no of vac-
cination uptake. We then evaluated the annual number
of influenza cases averted with the PEI vaccination pro-
gram. Namely, we calculated the yearly difference in the
total number of infected cases with and without vaccin-
ation for each vaccination uptake scenarios.

Cost-effectiveness analyses

The epidemiological results generated by the model sim-
ulations were integrated with an economic evaluation to
estimate the cost-effectiveness of influenza vaccination
for PEL For the economic evaluation, we considered the
direct costs of four mutually exclusive clinical outcomes
from the perspective of the Israeli government: 1) home
care, 2) outpatient visit, 3) hospitalization, or 4) death
(Table S2). Notably, with the exception of over the
counter medications, no out-of-pocket expenses are re-
quired for outpatient visits or hospitalizations associated
with influenza and its complications. The probability of
each outcome is age-dependent [6]. We combined these
outcome probabilities with model predictions to esti-
mate the number of clinical outcomes averted for Israel
and the Palestinian territory. Vaccination costs included
the listed vaccine price of $15 per dose and an adminis-
tration cost of $1.25 per person, and are fully covered by
the government [6]. To account for the impact of influ-
enza on quality of life, we included an outcome-specific
loss of quality-adjusted-life-years (QALYs) (Add-
itional files 1, 14). The number of QALYs saved per
death averted was calculated using the age of death and
the life expectancy in Israel. Inline with Israel economic
growth rate in recent years, costs and QALYs were
discounted at 3.5%.

We applied criteria suggested by the WHO that de-
fines interventions as cost-effective when the cost of sav-
ing a life-year is lower than three times the annual per
capita gross domestic product (GDP). Interventions are
considered very cost-effective when this cost is lower
than the per capita GDP [31]. We specifically evaluated
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the cost-effectiveness of subsidizing an influenza vaccin-
ation campaign with 50% uptake among PEI, from the
perspective of the State of Israel.

Uncertainty analysis

We also conducted a probabilistic global uncertainty
analysis to integrate the uncertainty in epidemiological
and cost parameters. Specifically, we sampled 1000
coupled sets of incidence rates for Israel and the Pales-
tinian territory. Annual incidence was sampled from
ranges spanning 5-10% for adults and 20-30% for chil-
dren, which is consistent with WHO estimates. Due to
the younger population in the Palestinian territory, over-
all annual incidence differed between Israel and the Pal-
estinian territory even though identical age-specific
incidence was applied to the two regions. Specifically,
overall incidence ranged between 9.8-16.4% in Israel,
and between 11.4—18.6% in the Palestinian territory. We
then independently calibrated the other transmission
model parameters to meet the sampled incidence value
for each of the 1000 simulations. These epidemiological
variations arises from 1) uncertainty regarding back-
ground immunity arising from exposure in previous sea-
sons (ie. the initial proportion of susceptible
individuals), and 2) uncertainty regarding the probability
of infection given contact between susceptible and infec-
tious persons. To account simultaneously for these two
components, we randomly sampled plausible levels of
age-specific background immunity, and calibrated model
parameters to generate the yearly incidence rates
sampled.

Costs were sampled from normal distributions with
the 95% confidence interval set to values 20% above and
below the base case. We conducted 10,000 simulations
by independently sampling an epidemiological scenario
and a set of monetary values. We then used this prob-
abilistic analysis to evaluate the sensitivity of our conclu-
sion across variation in willingness-to-pay for QALYs.
At each value for willingness-to-pay, we calculated the
proportion of simulations in which vaccination of PEI
has an incremental cost-effectiveness ratio below that
threshold. This proportion corresponds to the probabil-
ity that vaccination of PEI would be cost-effective, and
was calculated independently for three levels of coverage
(25, 50, 75%).

Results

To characterize the demography, infection rate, and con-
tact patterns of Palestinians employed in Israel, we con-
ducted in-person surveys between March 2, 2016, and
May 4, 2016, which corresponds to the end of the 2016
influenza season. Our survey included 500 participants
at seven cross-border checkpoints, aged 19-62 (IQR:
26-36), of whom 35% reported influenza-like symptoms
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during the 2016 season. The median household size was
5 (IQR 4-6) individuals, of which 16.2% (IQR: 0—-25-0%)
included children <5 vy, and 33% (IQC 0-60-0%) in-
cluded children between 5 and 18 y. Participants re-
ported 67% (95% IQR: 10-126%) more daily contacts
than the average for an Israeli of the same age [5], and
9.1% (3.8-16.7%) of their contacts were with Israelis.
These interactions occurred across multiple locations,
including public transportation, the checkpoint, and the
workplace in Israel. In short, this subpopulation consists
of larger household size and more extensive and more
widespread contacts.

We integrated these empirical results into a model of
influenza transmission within and between Israel and
the Palestinian territory. The transmission model in-
cluded 18 subgroups to account for socio-demographic
mixing patterns in Israel and in the West Bank (Fig. 2A).
The model was calibrated to age-stratified influenza and
ILI weekly reported cases for the Israeli population
across five seasons (2013-2017), and to the annual esti-
mates of influenza incidence in each age group for the
Palestinian population. Our model replicated the data
with a correlation of 85% (Fig. 3A, B). Thus, the cali-
brated model accurately replicated the epidemiological
trajectories for all five seasons, as well as the consider-
able variability between seasons.

While the majority of transmission occurs within each
country, we found that PEI and ICP infect each other
with higher rates than any other sub-population (Fig. 4).
Specifically, the average infected PEI will infect 1.08 indi-
viduals in total, 32.5% from the ICP subgroup (Fig. 4).
Likewise, the average infected ICP is expected to infect
1.60 individuals, 53.8% from the PEL Consequently, our
findings underscore that the PEI and the ICP serve as
bridges between Israel and the Palestinian territory. This
finding was robust to sensitivity analyses (Fig. 4).

We found both that Palestinians interact with more
children than the Israelis and that children are substan-
tially more likely to transmit influenza than any other
age group. An infected child under 4 years of age would
transmit influenza to 1.23 individuals, while an infected
adult >50 would transmit, on average, to 0.51 individ-
uals (Additional file 1, p 11). Frequent interactions with
children contribute to the relatively high incidence in
PEL

Using our transmission model, we evaluated the
population-level impact of influenza vaccination within
the PEI group. Specifically, we analyzed the number of
influenza cases and hospitalizations averted (Fig. 5 A
and B), in Israel and Palestinian territory across a range
of vaccination uptake. We found that a substantial re-
duction in influenza infection is anticipated not only for
PEI, but also for the other groups. For example, with
50% uptake among PEI, every 10 vaccine doses are
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predicted to avert 3-0 cases in Israel and 6-4 cases in the
Palestinian territory. Most of the averted cases would be
among individuals between the ages of 5-49 years, while
the majority of the averted hospitalizations would be
among individuals under 4 years and older than 50 years,
as these age groups have the highest risk of influenza
complications (Fig. 5). Accordingly, influenza vaccin-
ation within the PEI group is anticipated to substantially

reduce transmission and severe outcomes to both Israe-
lis and Palestinians.

We performed a cost-effectiveness analysis from the
perspective of the Israeli government. We estimated the
cost of vaccination as well as the medical costs averted
in 2018 USD. Health was measured in quality-adjusted
life years (QALYs), a metric that combines morbidity
and mortality. We found that the programmatic cost for
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vaccinating 50% of PEI would be $1,186,250. This cam-
paign would save 567 (95% CI: 301-991) QALYs and
avert $1,700,400 (CI: $910,170-2,979,500) of medical
costs for Israel, compared to the status quo. This ex-
penditure would therefore be cost-saving from the per-
spective of the Israeli Ministry of Health. Additional
benefits include 396 (CI: 186—-618) QALYs saved for the
Palestinians. Campaigns remain cost-saving across vac-
cination campaign coverage examined ranging from 25
to 75%. Thus, in any realistic coverage setting, funding
the suggested policy is beneficial from the perspective of
the Israeli government.

We conducted a global uncertainty analysis which in-
tegrated variation from the epidemiological, monetary,
and vaccine-related parameters. Our global uncertainty
analysis determined that vaccinating 50% of Palestinian
workers is predicted to reduce the annual influenza bur-
den by 28,745 cases (95% CI: 15,031-50,717) and 37.7
deaths (95% CI: 19-9-65.5) for the Israeli population,
and by 32,9900 cases (95% CI: 14,379-51,531) and 20.2
deaths (CI 95%: 9.8-31.5) for the Palestinian population.
Furthermore, we found that vaccination of PEI is 80%
likely to be cost-saving, such that the averted medical
costs associated with GP consultations and hospitaliza-
tions in Israel exceeds the cost of fully subsidizing vac-
cination for the PEI group. We also found that
vaccination of PEI is 98% likely to be very cost-effective
according to WHO criteria (Fig. 4). In all 10,000 simula-
tions tested in the global uncertainty analysis, we found
that the suggested policy would be cost-effective (Fig. 6).
Results were not sensitive to vaccination coverage levels
within the range considered. Namely, the marginal
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vaccination coverage, demonstrating the importance of
subsidizing as many individuals as possible.

Discussion

Our results indicate that influenza vaccination of Palesti-
nians employed in Israel could substantially reduce mor-
bidity and mortality within both Israel and the
Palestinian territory. PEI are a relatively small group of
about 130,000 individuals, equivalent to 4.5% of the Pal-
estinian population, and to 1.5% of the Israeli popula-
tion. Nevertheless, they play an instrumental role in
transmission. Even when we solely considered the bene-
fit to Israel, our analysis predicted that influenza vaccin-
ation for PEI would be very cost-effective.

These results arise primarily from the unique contact
patterns of the PEI over a wide spatial range. Specifically,
PEI commute long distances spanning all across Israel.
Furthermore, PEI have daily contact with a relatively
large number of both Israelis and Palestinians from dif-
ferent populations and age groups, including soldiers at
the checkpoints, colleagues at work and in public trans-
portation. By contrast, interaction between the general
Israeli and Palestinian populations is rare, and thus the
PEI serve as a bridge between the two.

Beyond the PEI, we identified several populations that
also disproportionately contribute to transmission. For
example, ICP were found to have even more secondary
cases per infected individual than PEI. However, as vac-
cination is already subsidized for Israelis, we did not
consider inclusion of this population in the PEI-focused
campaign. Additional interventions should be imple-
mented to improve vaccine uptake in this critical group.

contribution per vaccinated was not affected by the For example, uptake increases substantially when
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vaccines are offered in the workplace or at other access-
ible locations [32, 33]. Given that a large proportion of
ICP are employed at or near the checkpoints, campaigns
to vaccinate individuals at these locations regardless of
nationality would be a highly effective approach to pro-
mote coverage in both bridge groups. More generally,
future studies can model the effectiveness of the target-
ing of other groups that may serve as bridge groups such
as cross-border students, and health workers.

Significant losses in productivity are attributable to in-
fluenza. Thus, economic analyses generally find vaccin-
ation to be cost-effective for society [34]. This efficiency
primarily arises from direct protection of the vaccinated
employee. Here, we conservatively showed that even
when ignoring the losses in productivity and considering
only the direct costs, influenza vaccination of Palesti-
nians employed in Israel is economic. Moreover, in this
unique analysis, the economic benefit arises solely from
indirect protection, as we did not account in the cost-
effectiveness analysis the benefit of preventing disease
for the Palestinians. Regardless, we found that the reduc-
tion in infection among the recipient’s contacts is sub-
stantial enough to justify the vaccination costs. This
finding suggests that economic analyses which do not
consider the indirect effects of influenza vaccination may
be substantially underestimating their actual value.

The rapid growth of the SARS-CoV-2 pandemic led to
unprecedented control measures on a global scale. These
measures severely impacted more impoverished regions
with low technological abilities, and population in needs.
Given the similar transmission patterns between the
SARS-CoV 2 and influenza [35], vaccinating the PEI
against COVID-19 is likely to be highly effective to re-
duce the disease burden and save lives in both countries.

As for any modeling study, we made a number of sim-
plifying assumptions. There is currently no reliable data
regarding influenza incidence in the West Bank. To ac-
count for this uncertainty, we conducted sensitivity ana-
lyses across a wide range of annual influenza rates,
corresponding to observations from other developed and
developing countries. The finding that vaccination of
PEI would be cost-effective is robust across the wide
range of epidemiological parameters assessed in our
sensitivity analyses.

Conclusions

Offering influenza vaccination to Palestinians employed
in Israel could efficiently reduce morbidity and mortality
within both Israel and the Palestinian territory. Cooper-
ation in healthcare between neighboring countries, des-
pite conflict, can provide economic and humanitarian
benefits to both sides [1, 36]. A mutual campaign to in-
crease influenza vaccination uptake among Palestinians
employed in Israel can reduce morbidity, severe
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infection and mortality for both populations. As a prac-
tical approach, vaccinations should be subsidized by
Israel and offered on a voluntary basis to those waiting
at the checkpoints, potentially by a third party such as
the United Nations Relief and Rehabilitation Administra-
tion (UNRRA). Our findings underscore that in the fight
against infectious diseases, and in particular against
influenza, vaccination should have no border.
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