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Abstract
Introduction
Early during the COVID-19 outbreak, various approaches were utilized to prevent COVID-19 introductions from incoming airport travellers. However, the costs and effectiveness of airport-specific interventions have not been evaluated.

Methods
We evaluated policy options for COVID-19-specific interventions at Entebbe International Airport for costs and impact on COVID-19 case counts, we took the government payer perspective. Policy options included; (1)no screening, testing, or mandatory quarantine for any incoming traveller; (2)mandatory symptom screening for all incoming travellers with RT-PCR testing only for the symptomatic and isolation of positives; and (3)mandatory 14-day quarantine and one-time testing for all, with 10-day isolation of persons testing positive. We calculated incremental cost-effectiveness ratios (ICERs) in US$ per additional case averted.

Results
Expected costs per incoming traveller were $0 (Option 1), $19 (Option 2), and $766 (Option 3). ICERs per case averted were $257 for Option 2 (which averted 4,948 cases), and $10,139 for Option 3 (which averted 5,097 cases) compared with Option I. Two-week costs were $0 for Option 1, $1,271,431 Option 2, and $51,684,999 Option 3. The per-case ICER decreased with increase in prevalence. The cost-effectiveness of our interventions was modestly sensitive to the prevalence of COVID-19, diagnostic test sensitivity, and testing costs.

Conclusion
Screening all incoming travellers, testing symptomatic persons, and isolating positives (Option 2) was the most cost-effective option. A higher COVID-19 prevalence among incoming travellers increased cost-effectiveness of airport-specific interventions. This model could be used to evaluate prevention options at the airport for COVID-19 and other infectious diseases with similar requirements for control.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12962-024-00548-x.
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Introduction
The increase over the past few decades in global air travel provides countless opportunities for infections to spread, both to passengers on the plane and the community after arrival [1]. Since the advent of the SARS-CoV-2 pandemic, multiple interventions have been employed around the world to limit or slow the introduction of SARS-CoV-2 from air travellers. These have included physical distancing, hand sanitizing, and masking at airports and throughout travel, pre-and-post-travel testing, temperature and symptom screening on entry, symptom monitoring among incoming travellers, quarantine policies for travellers, and border closures [2]. These strategies have varied across nations, with varying levels of sustainability, consideration of the resources of health care systems, and acceptability to the community [3]. While no country has succeeded in maintaining an entirely COVID-19-free state, interventions aimed at travellers have almost certainly delayed or reduced the impact of the epidemic in multiple countries, including in Uganda [4- 6].
Uganda has one major international airport (Entebbe International Airport (EBB)) through which most international air travel starts or ends in the country. Although it has three smaller airports that receive short-range flights from neighbouring countries, 98% of incoming international air travellers enter Uganda through EBB [7]. Since the first case of COVID-19 in Uganda was reported on March 21, 2020, a number of control measures were implemented at the airport to reduce transmission risk, including installation of hand sanitizer stations, queue separators to keep people from crowding while they waited in lines, and a 14-day mandatory institutional quarantine for all travellers from high-risk countries [8]. Countries were initially categorised by the Ugandan government into high and low risk based on the active and cumulative number of COVID-19 cases reported by the country [9].
Due to vaccinations, increased global immunity, and other interventions, COVID-19 might cease to be a significant travel-associated threat over time. It is also possible that new variants will perpetuate the travel-associated threats of COVID-19. Regardless, future epidemics during which airport-specific interventions will again become relevant are all but certain: screening for Ebola Virus Disease was still in place at EBB when COVID-19 screening began in February 2020 [10]. Despite this, only one such study involving South Africa have examined the cost-effectiveness of preventive interventions at airports for COVID-19 [11]. We compared the costs and cost-effectiveness of different hypothetical policy options for COVID-19-specific interventions at EBB to guide decision-making by national stakeholders during this and future epidemics.

Methods
Study design
We used a decision analysis approach. We performed a literature review using PubMed (Medline) and other sources, including the World Health Organization (WHO) website, country reports, and Uganda-specific governmental reports to obtain data to inform our assumptions; where no documented data were available, we obtained expert recommendations. A decision tree was developed to compare different options for screening and testing at the airport. To estimate the number of secondary cases for each policy option, we multiplied the respective reproductive number (R) by the number of cases that reach the community. We calculated incremental cost effectiveness ratios (ICERs) expressed as US$ per additional COVID-19 case averted for two strategies when compared to the base case strategy. Expected costs and cases were calculated for each strategy. We conducted a sensitivity analysis for the most uncertain variables.

Perspective and cost data
The Uganda Ministry of Health (MOH) was the payer for the airport-related interventions in Uganda early during the epidemic, including supporting the testing and mandatory quarantine for Ugandan travellers as well as isolation of infected persons [12]. As a result, we took the government payer perspective. Cost data were obtained from the operations and finance departments of the Ministry of Finance [13] (Table 1). All costs were calculated for 14 days of operation, considering all persons entering the country via EBB over a two-week period (estimated based on traveller volume before the pandemic). We did not include infrastructure or utility costs such as buildings, electricity, and water bills.

Policy options
Policy option 1: no intervention
Under this policy, there was no screening at the airport and no required testing, quarantine, or isolation for incoming airport travellers. Travellers could enter quarantine optionally or seek testing, but not through a MOH/airport-affiliated program.

Policy option 2: mandatory symptom screening for all incoming travellers, testing only the symptomatic
Under this policy, all 67,500 incoming travellers would be screened at the airport for symptoms consistent with COVID-19 (with the prevalence of symptomatic persons dependent on the array of symptoms chosen for screening). Any incoming travellers identified as symptomatic would undergo required testing. Persons testing positive would enter mandatory government-sponsored isolation. All isolated persons would be released after 10 days of isolation without a second test.

Policy option 3: mandatory quarantine, symptom monitoring and testing for all incoming travellers
Under this policy, all 67,500 incoming travellers would be tested, and if they test negative, they would undergo 14 days of mandatory institutional quarantine (using hotels, schools, or other institutional settings able to accommodate large numbers of people); persons testing positive would be isolated 10 days.


Assumptions
We made multiple assumptions based on the literature where data were available and obtained expert opinions where data were unavailable (Table 1). We did not include the cost of treatment for illness in travellers, because it has not been a government expense during the pandemic in Uganda.
Table 1Assumptions used to evaluate policy options in decision tree of national airport screening options for COVID-19, 2021


	Epidemiologic parameters
	Value
	Sensitivity analysis (Min, Max)
	References/
Assumptions

	Number of reported travellers coming through EBB airport in two weeks during pre-pandemic period*
	67,500
	---
	 [7]

	Prevalence of SARS-CoV-2 infection among travellers
	0.05
	(0.01, 0.10)
	assumption

	Proportion of infected travellers with COVID-19-like symptoms at / shortly after arrival
	0.63
	---
	 [29]

	Proportion of travellers with symptoms detected by the screeners through temperature and symptom checks
	0.40
	(0.05, 0.75)
	assumption

	Proportion of infected travellers with COVID-19-like symptoms at / shortly after arrival who seek a test
	0.60
	---
	assumption

	Proportion of uninfected travellers symptomatic with COVID-19-like symptoms at / shortly after arrival†
	0.022
	---
	 [5, 30]

	Probability that uninfected (true-negative) persons who enter quarantine are infected by others in quarantine who have undetected (false-negative) infections (Option 3)
	0.005
	---
	assumption

	Probability that symptomatic infected persons detected on entry remain infectious at 10 days
	0.02
	---
	 [14]

	Probability that asymptomatic infected persons detected on entry remain infectious at 10 days
	0.01
	---
	 [31]

	Probability that uninfected (false-positive) person in isolation becomes infected from others (true-positives) (Options 2 & 3)¥
	0.50
	---
	GA, unpublished data

	Proportion of uninfected travellers with COVID-19-like symptoms who later seek a test ¶
	0.60
	---
	assumption

	Reproductive number (R) for infected, symptomatic persons
	2.60
	---
	 [32]

	Reproductive number (R) for infected, asymptomatic persons
	1.40
	---
	Uganda MoH, unpublished data

	Probability that travellers with COVID-19-like symptoms on arrival are sent for testing (Option 2)
	0.92
	---
	assumption

	Probability that uninfected travellers will be symptomatic with COVID-19-like symptoms and warrant a COVID-19 test
	0.01
	---
	assumption

	Sensitivity of test (RT-PCR)
	0.92
	(0.50, 1.00)
	 [33]

	Specificity of test (RT-PCR)
	0.98
	---
	 [34]

	Cost parameters
	Cost
($USD)
	 	 [13]

	Disinfection supplies
	$3
	---
	 
	Staff (health worker) per person for two weeks (n = 8)
	$400
	---
	 
	Gowns per person per day
	$10
	---
	 
	Face masks per person per day
	$3
	---
	 
	Gloves per person per day
	$23
	---
	 
	Gumboots per person (one-time cost)
	$6
	---
	 
	PCR test per person
	$65
	($10, $100)
	 
	Printing costs per person
	$3
	---
	 
	Handwashing (alcohol-based hand sanitiser) per person per day
	$3
	---
	 
	Handheld infrared thermometer
	$50
	---
	 
	Airport transfer to and from quarantine/isolation per person
	$10
	---
	 
	Room and board per person per day
	$50
	---
	 

*Values stated as a whole number, remaining assumptions expressed as proportions/probabilities
†Value applies to incoming travellers for Policy Options 2&3
¶This value applies to incoming travellers for Policy Options 1&2
¥This value applies to unpublished COVID-19 outbreak data in home-based care setting in southwestern Uganda



For Policy Option 3, we assumed that all persons sent to quarantine adhered to quarantine for the appropriate time for the full quarantine period, and that all persons testing positive from Options 2 and 3 were isolated appropriately for the full isolation period. As we did not specify a second test before release from quarantine or isolation, we assumed that 1% of asymptomatic persons and 2% of symptomatic persons were still infectious after being released from isolation (Options 2 and 3) or quarantine (Option 3) [14]. We also assumed a small risk (0.5%) of persons without infection becoming infected in quarantine from other persons placed in quarantine (Option 3). In addition, we included a small risk of infection (0.5%) to others from persons that had tested false negative and were placed in quarantine (Option 2), and a large risk (50%) of infection of persons who had tested false positive and were placed in isolation with other persons with infection (Options 2 and 3). All of those infected in isolation were assumed to be infectious on release. For those who remained infectious at release, we assume their R would correspond to the symptomatic status upon arriving to the airport.

Outcomes
The primary outcome measure was the ICER per COVID-19 case averted for each option considering one generation of spread, compared to Option 1. Secondary outcomes included the expected cost of each option per incoming traveller at EBB, cases identified through the intervention, cases that end up in the community due to failure to be identified in the intervention activities, case counts after a single generation of cases from infected travellers entering the community, and the expected estimated costs per policy option.


Results
At a prevalence of 5% for SARS-CoV-2 infection among the incoming travellers, 3,375 infected persons would enter the airport in a two-week period for each option. The expected cost per traveller was more than 40 times higher for Option 3 vs. Option 2 ($766 vs. $19) (Table 2). Compared to Option 1, Option 2 averted 4,948 COVID-19 cases, and Option 3 adverted 5,097 cases. This resulted in an ICER of $257 per case averted for Option 2 and $10,139 for Option 3 (Table 2).
Table 2Cost-effectiveness analysis for the three policy options over a two-week timeframe, Uganda 2020


	Outcome
	Option 1:
No symptom screening or testing
	Option 2:
Mandatory symptom screening for all, testing only the symptomatic
	Option 3:
Mandatory quarantine and testing for all

	Infected travellers entering at airport
	3,375
	3,375
	3,375

	Identified through intervention (all persons who test true positive in isolation)
	0 †
	1,965
	3,105

	Infected travellers who enter community
	3,375
	1,472
	1,010

	First-generation cases resulting from Infected travellers who enter community
	7,277
	2,329
	2,179

	Expected cost per traveller
	$0
	$19
	$766

	Total costs for intervention (US$)
	$0
	$1,271,431
	$51,684,999

	Cases averted compared with Option 1
	0
	4,948
	5,097

	ICER cost/case averted*
	-
	$257
	$10,139


*ICER: Incremental cost-effectiveness ratio, ICER = (Costs2-Costs1)/(Effectiveness2-Effectiveness1)
† Cases would be identified for Option 1, but not under government perspective



Cost drivers
The primary cost drivers for Option 3, compared with Option 2, involved the costs of quarantine, which comprised 87% of the total costs for Option 3 (Supplementary Table 1).


Sensitivity analysis
Variation in ICER by infection prevalence
Infection prevalence among incoming travellers had a major impact on the ICER. However, the cost-effectiveness of Option 3 was much more dependent than Option 2 on prevalence, especially at varying SARS-CoV-2 prevalence among travellers (Supplementary Table 2).
Supplementary Table 2 highlights the Impact of infection prevalence on expected costs for mandatory symptom screening for all, testing only the symptomatic and mandatory quarantine, symptom monitoring and testing for cost-effectiveness of national airport COVID-19 screening, 2021. Value of base model in bold.
For Option 1, all 675 infected individuals entered the community. For Option 3, those 675 individuals entered either quarantine or isolation. Although most of the 675 individuals left uninfected, they infected enough people such that 1,007 individuals are infected by the time they leave quarantine or isolation. Option 3 put more people in the community to infect others than Option 1. This made Option 3 strongly dominant (e.g., less effective and more costly), and thus generated a negative ICER when Option 3 was compared to Option 1. For the other prevalences, the opposite was true (more cases enter the community in Option 1 than Option 3), creating a positive ICER. While Option 2 was always more cost-effective in terms of ICER per case averted, the ICER of the two intervention options became more similar at high prevalence (Fig. 1).
[image: ]
Fig. 1Sensitivity analysis for Option 2&3 compared to option 1 for national Airport programme, COVID-19, 2021


Figure 1, highlights Sensitivity analysis for Option 2 (mandatory symptom screening for all, testing only the symptomatic) and Option 3 (mandatory quarantine, symptom monitoring, and testing for all), compared to option 1 in decision tree of national airport screening options for COVID-19, 2021. ICER: incremental cost-effectiveness ratio. At 0.01 prevalence, 675 people arrive to the airport infected.

Variation in ICER by diagnostic test sensitivity
The ICERs for Options 2 and 3 decreased with increasing sensitivity of the diagnostic test. However, the cost-effectiveness of Option 3 was always weakly dominated by Option 2, even at very high sensitivity of the diagnostic test (Supplementary Table 3). That is, Option 3 was always the most effective, but also the costliest by far. Test cost was not a major driver of cost-effectiveness within the range of costs considered (Supplementary Table 4).
Supplementary Table 3 highlights the Impact of diagnostic test sensitivity on ICER (Incremental Cost-Effectiveness Ratio) for Option 2 (mandatory symptom screening for all, testing only the symptomatic incoming travellers at the airport point of entry) and Option 3 (mandatory quarantine, symptom monitoring, and testing for all incoming travellers at the airport point of entry), evaluation of cost-effectiveness of national airport screening options for COVID-19, 2021.
This table highlights the Impact of diagnostic test cost on Incremental Cost-Effectiveness Ratio (ICER) for mandatory symptom screening for all, testing only the symptomatic and mandatory quarantine, symptom monitoring and testing for all, evaluation of cost-effectiveness of national airport screening options for COVID-19, 2021.

Variation in ICER by symptom ‘detectability’
Because Option 2 relies so heavily on the detection of symptoms, we varied the probability that symptoms would be detected or admitted to by the passenger, from 5 to 75%. At higher symptom detection rates, the ICER for Option 2 decreased almost by 50%. Although 29,342 infected travellers were detected at 75% and 1,956 at 5% (data not shown), the increased cost of isolation of all the symptomatic passengers kept the ICER relatively stable (Supplementary Table 5).
This table highlights the Impact of variations in symptom detection among symptomatic persons for mandatory symptom screening for all, testing only the symptomatic and mandatory quarantine, symptom monitoring and testing for all on cost per case averted, evaluation of cost-effectiveness of national airport screening options for COVID-19, 2021. Value of base model in bold.


Discussion
We evaluated the cost-effectiveness of multiple airport screening policy options for COVID-19 using a decision tree. The three policy options considered in this study are consistent with modest (Option 2) and intensive (Option 3) practices used during similar public health emergencies in the past [15], [16]. Among the policy options considered, mandatory symptom screening for all incoming airport travellers and testing only the symptomatic (Option 2) was more cost-effective than mandatory quarantine and testing for all (Option 3). This was primarily due to the high total costs of mandatory quarantine for all travellers in Option 3. Overall, the results from this evaluation suggest that the modest Option 2 could reduce secondary spread of SARS-CoV-2 infections from incoming airport travellers in the most cost-effective manner.
Over the time period considered, the cost-effectiveness of our interventions was modestly sensitive to the prevalence of COVID-19 in travellers, diagnostic test sensitivity, symptom detection, and testing costs. The intensive Option 3 became more cost-effective at a higher prevalence of infection among incoming travellers. At a very high prevalence among incoming travellers, the cost-effectiveness of Option 3 became very close to Option 2. The high costs of Option 3 – nearly $52 M USD per two weeks in Uganda - might all but rule it out in some settings, such as in Uganda, where relatively limited resources combined with porous borders with five neighbouring countries make it nearly impossible to implement a true ‘zero-COVID-19’ approach. However, for some countries this might be the preferred route: at different points in time, Australia required mandatory hotel quarantine for incoming travellers, New-Zealand imposed similar measures for mandatory quarantine for 20 days, and Hong Kong banned passengers from more than 150 nations from transiting through its airport [17, 18]. Countries with fewer borders and the ability to implement stricter border control might select an option like Option 3.
The sensitivity of symptom screening varies, depending on multiple factors, and any approach that depends on subjectively-measured symptoms is likely to be less sensitive than one that uses objectively-measured symptoms. Travellers may be reluctant to admit to symptoms, or even take steps to avoid symptom detection such as using cough suppressants or antipyretic medications. As a result, most airports will be limited for practical reasons to persons willing to self-report their symptoms or mass screening technologies, such as thermal scanners. Indeed, at the Entebbe airport, thermal scanners have been used intermittently since January 2019 for all incoming travellers to screen for Ebola virus disease, and consistently since March 2020 to screen for COVID-19 [19], [20]. The first case identified in Uganda was identified by temperature screening [5]. However, such approaches may be rendered ineffectual if travellers do not want to admit to symptoms, or use antipyretics to mask fevers [21]. In addition, many persons do not have a fever or other symptoms when infected with SARS-CoV-2, making infections difficult to identify and reducing the effectiveness of temperature or symptom screening [22]. Surprisingly, we found that varying the rates of symptom detection (from 5 to 75%) had minimal impact on the cost-effectiveness of Option 2 compared with Option 1. This is not because of a minor change in infection detection, but rather due to the increased costs associated with isolating more cases, as well as the lower assumed prevalence of infection in incoming travellers (5%) [23]. At a higher prevalence of infection, or if the costs of isolation were borne by the travellers instead of the government, the cost-effectiveness of Option 2 might increase as symptom detection increased.
Under the conditions considered, testing represented a surprisingly small proportion of overall costs for Options 2 and 3. This was reflected in the relative insensitivity of changes in test costs on the cost-effectiveness of either option. As a country considers similar airport-specific interventions for COVID-19 or for other diseases in the future, it may be worth considering modifications to the quarantine and isolation components of such programs to increase their cost effectiveness, rather than focusing on new testing modalities. While lower costs of diagnostics are critical to identify individual cases, they may not have much impact on screening programs that involve government-payer isolation and quarantine. Of course, should the cost of any of these interventions be placed with the travellers, all of the options described would be considerably more cost-effective from a government payer perspective.
The expected costs per incoming traveller were only $19 for Option 2, more than 40-fold lower than the expected costs for Option 3. The expected costs for Option 2 were highly sensitive to changes in prevalence, while the expected costs for Option 3 were not. This is largely due to the fact that all incoming persons are quarantined regardless of infection prevalence, and this component comprises the bulk of Option 3 costs. The expected cost for Option 2 is quite low, especially at a lower prevalence of infection. Compared to the cost of airline tickets, this cost is negligible and could potentially be placed on the traveller. The International Health Regulations suggest that health measures that benefit a traveller may incur a charge, not to exceed the cost of the service [24]. A cost may be bound on the passenger via the airline ticket with a “health screening charge” [25]. This airline ticket fee could be similar to the passenger facilitation or security charge used elsewhere [26].
This model can appropriately represent situations in which the primary risk from a disease is coming from incoming airport travellers. That is, while it is likely useful early in a COVID-19 or COVID-19-like epidemic, when the main risk comes from incoming international travellers, it may not be as relevant if there are widespread community infections, at which point it cannot effectively prevent internal spread. The primary purpose of airport interventions should be to delay or reduce the introduction of community infection and gain time to implement other public health measures, such as improving the preparedness of healthcare systems and public health prevention measures [27]. However, airport interventions are not likely to have a major impact during Phase 4 (sustained community level transmission) of the epidemic [28].
Our evaluation had some limitations. First, there are few consistent data available on many of our key assumptions, such as proportion of persons who are symptomatic (for which real-world estimates depend on the completeness of testing in an exposed population), true sensitivity or specificity of different symptom screening approaches or sensitivity and specificity of diagnostic tests (due to challenges with a ‘gold standard’ to help confirm who was genuinely infected), and the SARS-CoV-2 infection reproductive values for symptomatic and asymptomatic persons (for which real-world estimates depend on the completeness of testing of contacts). Second, we assumed complete compliance with quarantine and no bypassing of airport screening interventions, which may not be realistic. Third, we assumed that issues that are common to many low-resource settings, such as stockouts of supplies or power failures, would not affect our outcomes, which may similarly not represent reality in our setting. Fourth, we assumed a constant rate of infection during isolation and quarantine no matter the infection prevalence. Fifth, the model itself considers the detection of cases among incoming travellers and the single-generation impact of minimizing transmission from these travellers as the primary goal; none of the options considered are appropriate for a ‘zero-COVID-19’ approach as some countries have taken. Finally, we did not include the infrastructure and utility costs. These costs would have increased the cost and cost-effectiveness ratio, but our final recommendations would likely be the same.
This model simulates realistic, real-world airport-specific interventions that have been used in the past, including in Uganda [10]. It supports discussions about the benefits and costs of airport-specific screening activities. These are often adopted in a reactive manner rather than with a cost-effectiveness mindset. Findings from this study provide valuable evidence that can be used by decision-makers to help assess the costs and benefits of alternative airport screening strategies for COVID-19 or similar infectious diseases.

Conclusion
Mandatory symptom screening for all travellers and testing only the symptomatic is more cost-effective than the other options considered for preventing the introduction of COVID-19 into the general population. Early in the emergence of a highly pathogenic COVID-19-like pandemic, screening all incoming travellers, testing those symptomatic, and isolating the persons testing positive should be considered.
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