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Abstract

Many immunocompromised individuals mount inadequate immune responses
following COVID-19 vaccination, thus relying on other social distancing behaviours,
particularly shielding, for protection, impacting their quality of life. However, little is
known about historical/current levels and effectiveness of shielding or factors influ-
encing individuals’ decision to continue shielding. Long-acting antibody pre-exposure
prophylaxis (LAAB-PrEP) provides direct protection against COVID-19 in immuno-
compromised individuals who have been and may continue to shield. However, the
proportion and incidence of circulating variants for which LAAB-PrEP would be effec-
tive is unpredictable. Given this uncertain behavioural and immuno-epidemiological
context, we developed a modelling framework to explore features that most impact
health outcomes and cost effectiveness of long-term administration of LAAB-PrEP
against COVID-19 infection in immunocompromised individuals in the English
context. The model predicted that the incremental cost-effectiveness ratio (ICER)
of LAAB-PrEP against COVID-19 in immunocompromised individuals will be largely
driven by features of utility of shielding, current/future shielding behaviour, cost of
shielding, risk of COVID-19 hospitalisation among immunocompromised individuals
and the time horizon used for the cost-effectiveness analysis. The model estimated
that for realistic ranges of influential factors, it is possible for LAAB-PrEP to be cost
effective under the conditions that most immunocompromised individuals would
shield indefinitely if it were not available but would switch to LAAB-PrEP if it were.
Thus, if individuals stop shielding when taking LAAB-PrEP, then LAAB-PrEP is cost
effective.
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Author summary

Vaccinations, including vaccinations against COVID-19, may not be very effec-
tive in people with weakened immune systems. This is because these immuno-
compromised individuals may not mount an adequate immune response to a
vaccine. Individuals who are immunocompromised are at greater risk of severe
COVID-19 than those who are not immunocompromised. It is therefore recom-
mended that these individuals shield themselves, only going out when essential.
However, this shielding behaviour reduces these individuals’ quality of life. A
possible solution is to inject immunocompromised individuals with long-acting
antibodies against COVID-19. Unfortunately, the level of protection gained from
both shielding and long-acting antibodies is uncertain and comes at a high cost,
financially and/or to immunocompromised individuals’ quality of life. Here, we
used a theoretical, mathematical modelling approach to explore which factors
might affect the health and economic impacts of these long-acting antibodies in
various scenarios. By taking shielding behaviour into consideration, our model
suggested that the expected health and economic impacts of long-acting anti-
bodies for COVID-19 in individuals who are immunocompromised will be driven
by the features of their shielding behaviour, how likely they are to die due to the
underlying cause of their weakened immune system, how likely they are to be
hospitalised due to their COVID-19 infection, and the effectiveness of long-acting
antibodies in preventing clinically significant disease. Furthermore, our model
suggested that if LAAB-PrEP enables immunocompromised individuals to stop
shielding, it would be cost effective.

Introduction

The COVID-19 pandemic instigated an unprecedented global response, including
huge efforts to develop pharmaceuticals for prophylaxis against SARS-CoV-2. The
COVID-19 vaccines, delivered as regular booster doses, are highly effective at
reducing disease severity and mortality [1,2]. However, some individuals, such as
those who are immunocompromised, may mount an inadequate immune response
to COVID-19 vaccines [3], leaving them at risk of COVID-19. Immunocompromised
individuals comprise 2—7% of the global population [4] and, regardless of their vac-
cination status, during the pandemic they remained at substantially greater risk of
severe or fatal COVID-19 than their non-immunocompromised counterparts [5]. This
elevated relative risk continued as the pandemic began to transition to the endemic
phase [6]. There is an ongoing unmet need for prophylactic therapies against SARS-
CoV-2 for immunocompromised and other individuals at high risk of severe COVID-
19 infection [7].

Various non-pharmaceutical interventions were introduced during the pan-
demic in an attempt to limit the spread of COVID-19, including social distancing,
face masks and lockdowns. Some non-pharmaceutical interventions, such as
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shielding, were specifically recommended for immunocompromised and other clinically vulnerable individuals to
protect themselves from infection. Shielding refers to individuals’ self-quarantining behaviours, only going out when
essential (for more details, see the Shielding section of [8]). Through the various stages of the pandemic, immuno-
compromised individuals were advised to continue to shield at varying degrees of intensity to reduce their risk of
SARS-CoV-2 infection and severe outcomes [9,10]. However, this practice can negatively impact individuals’ mental
health and health-related quality of life [9,10]. As with any intervention, shielding therefore has costs and disutility,
both to individuals and the state (see Tables A and B in S1 Text). Costs to states during the COVID-19 pandemic
included financial support provided to the population by governments, productivity losses due to shielding preventing
work that could not be performed from home, and hospitalisation costs of breakthrough infections due to shielding
not being 100% effective. Costs to individuals included the potential loss of income, while disutility included social
isolation, an inability to lead a normal life, a feeling among some shielding individuals of being ‘second-class citi-
zens’ and ‘left behind’ as restrictions ended for the rest of the population [11] and increased anxiety and symptoms of
depression [9,12].

Various pharmaceutical therapies for treatment or prophylaxis are available or under development to reduce the inci-
dence and severity of COVID-19 infection among individuals who continue to shield. Antiviral drugs, such as remdesivir,
can be used to treat COVID-19 [13], while monoclonal antibodies (mABSs) that neutralise SARS-CoV-2 can be used for
prophylaxis (e.g., bamlanivimab monotherapy [14]) or treatment (e.g., bamlanivimab and etesevimab combination therapy
[15]). However, the half-lives of these mAbs are typically short (18—32 days), necessitating monthly administration, some-
times intravenously [16]. Efforts are therefore increasingly focused on long-acting antibodies (LAABs), which offer pro-
tection of duration around six months, such as AstraZeneca’s Evusheld, a combination of LAABs comprising tixagevimab
plus cilgavimab [3]. When used for pre-exposure prophylaxis (PrEP) in 2021, one dose of Evusheld reduced recipients’
risk of COVID-19 symptomatic infection and hospitalisation by 82.8% (95% ClI, 65.8 to 91.4) for at least six months [16],
reflecting high effectiveness against the variants circulating in the study population at the time of the study. LAABs con-
tinue to be updated to maintain their effectiveness as the variant landscape changes over time. For example, an investiga-
tional LAAB (sipavibart, formerly AZD3152) [17] continues to be updated for effectiveness and is undergoing clinical trials
[18]. Evaluating mAb efficacies, and to what extent the effectiveness of a given mAb contributes to its cost effectiveness
when used prophylactically, remains challenging. An added complication is that whereas previously there were sequen-
tially dominant variants [19], there are now cocirculating variants with temporally differing degrees of dominance [20].

As potentially effective new prophylactic LAAB therapies emerge, public health planners need ways to evaluate their
potential impact by comparing their advantages with current approaches such as shielding, to select the most cost-
effective approach. Potential health and economic impacts to consider include increased life expectancy among those
receiving long-acting antibody pre-exposure prophylaxis (LAAB-PrEP), reduced demand for hospital resources and
broader economic impacts.

Multiple features may contribute to the cost effectiveness of LAAB-PrEP, including those associated with the existing
and possible future immuno-epidemiological landscape, the current and future shielding behaviour of immunocompro-
mised individuals, the selection of primary conditions that individuals considered eligible for LAAB-PrEP at any given
time have, and the time horizon that decision-makers are considering. Many of these features vary over time, have not
been accurately measured or both. For this study, therefore, we were not seeking to determine whether the hypothetical
pharmaceutical intervention (LAAB-PrEP), in combination with shielding, is cost effective as there are so many uncertain-
ties around both the intervention itself and human behaviour, although our model could be used for this purpose if more
accurate input values were available. We instead used the model to explore which features of the risk group, LAAB-PrEP
effectiveness, shielding effectiveness, and cost most influence the health and economic impacts of LAAB-PrEP under
various feasible epidemiological and behavioural scenarios. We describe the model’s inputs, outputs, computational strat-
egies, interpretation, implications and limitations.
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The model was developed to assess the potential impact of LAAB-PrEP when administered to individuals who are
immunocompromised under various feasible epidemiological and behavioural scenarios in the high-income context of
England. To evaluate the potential impact of any newly licensed pharmaceutical intervention, the intervention must be
assessed against the existing standard of care as a comparator. However, the standard of care to protect immunocom-
promised individuals against COVID-19 is shielding, a non-pharmaceutical intervention that has costs to the individual
(and their families) [7], but not necessarily always to the state/government, and which are rarely quantified. Unifying
pharmaceutical and non-pharmaceutical interventions into a single cost-effectiveness evaluation framework is challeng-
ing. The analysis has to account for the fact that LAAB-PrEP is unlikely to be associated with complete replacement of
shielding, but rather a continuum of differing proportions of the two. In our analysis, our intervention must be defined as
a combination of a pharmaceutical intervention (LAAB-PrEP) and a non-pharmaceutical intervention (shielding), with the
latter expected to continue, albeit at a possibly reduced level [7]. The pharmaceutical element of the intervention (LAAB-
PrEP) is subject to rigorous safety and effectiveness standards in addition to cost-effectiveness analysis with an identified
payer. Our comparator, however (shielding, which is also, at a different level, a part of the intervention combination) is a
non-pharmaceutical intervention that has been implemented without requiring the same standards of safety or effective-
ness assessment. Furthermore, shielding was implemented with limited consideration of its cost effectiveness and with
the cost generally being covered by individuals themselves. Other behavioural factors could influence the extent to which
individuals stop shielding given the availability or not of LAAB-PrEP; for example, perceptions of the severity and risk of
COVID-19 and confidence in LAAB-PrEP to provide sufficient protection would influence such decisions.

An economic model is one way to address this challenge, enabling comparison of our comparator (shielding at current
or reduced levels) with our hypothetical intervention (LAAB-PrEP combined with a current or reduced level of shielding).
Here, we describe a novel modelling framework to explore which features most impact the cost effectiveness of the long-
term (repeated doses over a 5- to 10-year time-horizon) administration of hypothetical LAAB-PrEP against COVID-19
infection in individuals who are immunocompromised. For such a model to be useful and aid decision-making, it must be
able to evaluate the relative advantages and disadvantages of the comparator and the intervention in terms of incremental
cost-effectiveness [21].

Another factor we must consider is reinfection. This is an important aspect of COVID-19 epidemiology, particu-
larly among individuals who are immunocompromised, because of their weakened immune system and/or suboptimal
response to COVID-19 vaccines [22]. It is reasonable to assume therefore that individuals will undergo repeated chal-
lenges, increasing their risk of severe disease or death, especially for those individuals who do not mount a natural
immune response to such challenges. In addition, it is likely that protection from any hypothetical LAAB-PrEP will wane
over time, so repeated dosing at fixed intervals for all target groups would be required to maintain long-term protection.
We therefore also consider repeat dosing strategies for high-risk individuals in this analysis.

We explored various scenarios by conducting a large-scale sensitivity analysis in which various comparators and a
range of interventions were sampled and compared to examine their cost effectiveness. The ranges of input values for the
model are consistent with the epidemiological and behavioural setting in England.

Results

Comparing shielding with the hypothetical pharmaceutical intervention (LAAB-PrEP) combined with potentially
reduced shielding

We begin by comparing a scenario in which a group of immunocompromised individuals, the target population, are
following the current standard of care, i.e., shielding (our comparator) with a scenario in which an alternative group of
individuals in the target population to whom the hypothetical LAAB-PrEP in combination with shielding (our interven-
tion) is available. We assume that the availability of LAAB-PrEP will result in individuals ceasing to shield to varying and
unpredictable degrees [7], with different levels of effect in terms of quality-adjusted life-years (QALYs) gained. QALYs are
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a measure of disease burden that incorporate the quantity and quality of life and are routinely used in health economics
[23]. Fig 1 shows a dot plot of incremental cost (AC) versus incremental QALYs (AQ) from the healthcare payer perspec-
tive where the cost of shielding is not considered (see also Fig D in S1 Text where the cost of shielding is considered). All
of the model’s parameters are randomly sampled from all feasible ranges (the parameters and ranges are shown in Tables
A-D in S1 Text). We find that for nearly all of the scenarios, there is an increase in QALY's with the combination of hypo-
thetical LAAB-PrEP with shielding versus the standard of care. The predicted probability of cost effectiveness of hypothet-
ical LAAB-PrEP combined with shielding is 0.1 from the healthcare payer perspective given that the willingness-to-pay
threshold is 20,000 GBP; this increases to approximately 0.6 if the willingness-to-pay threshold is 100,000 GBP [24].

Key features influencing the health and economic impact of LAAB-PrEP

We examined the influence of each feature on incremental cost-effectiveness ratios (ICERs), incremental QALYs (AQ) and
incremental costs (AC), with time horizons of 2, 5 and 10 years, using a one-way sensitivity analysis, visualised using tor-
nado plots; this was from the healthcare payer perspective where shielding cost was not considered (Fig 2; see also Fig G
in S1 Text for a correlation analysis between QALY's and features and Fig F in S1 Text where shielding cost is considered).
Features influence the health and economic impact of LAAB-PrEP measured using these three metrics in different direc-
tions and in a different order of importance. For example, increasing shielding replacement (p) would lead to an increasing
incremental cost but a decreasing incremental QALY, eventually resulting in a decreasing ICER. The unit cost of LAAB-
PrEP is ranked as the most important feature determining the incremental costs, while the utility of shielding tends to be
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Fig 1. (a) Incremental cost-effectiveness plane and (b) a cost-effectiveness acceptability curve with a time horizon of 5 years, from the health-
care payer perspective when the cost of shielding is not considered. (a) shows the cost-effectiveness planes of costs based on 5,000 bootstrap
replications for 1,000 hypothetical patients. The mean incremental QALY's and incremental costs are approximately 137 and 10M GBP, respectively.

The purple and red solid lines are 20,000 and 30,000 GBP per incremental QALY, respectively. (b) shows the cost-effectiveness acceptability indicating
the probability that the intervention (a mixture of shielding and LAAB-PrEP) is cost effective compared with the standard of care (shielding) for a given
willingness-to-pay threshold without shielding costs considered. The y-axis represents the probability that the intervention will be cost effective, and the
x-axis represents a range of values for the willingness-to-pay threshold. The purple and red dashed lines represent willingness-to-pay thresholds of
20,000 and 30,000 GBP, respectively. The discounting rate for costs and QALYs is both 3.5%.

https://doi.org/10.1371/journal.pcbi.1013072.g001

PLOS Computational Biology | https:/doi.org/10.1371/journal.pcbi.1013072  June 2, 2025 5/18



https://doi.org/10.1371/journal.pcbi.1013072.g001

N Computational
PLO?*\- Biology

more influential for the incremental QALYs and ICERs. Two shielding behaviour-related parameters, i.e., shielding fatigue
(n) and shielding replacement (p), are very influential for ICERs over a short time-horizon (2 and 5 years), while the life
expectancy of immunocompromised individuals in the absence of COVID-19 (x) and the efficacy of shielding in reducing
COVID-19 infections have greater impacts over a longer time horizon, i.e., 10 years.

Scenario analysis of behavioural parameters

The behavioural parameters are the most uncertain elements in our model. We explored three parameters related to
behaviour, as follows. 1) Historical effectiveness of shielding, o; this could not be measured due to the lack of a control
group, although shielding effectiveness was estimated to be 50% among pregnant women in the USA [25]. 2) Probability
of future cessation of shielding regardless of whether a pharmaceutical alternative is available, which we term ‘shielding
fatigue’, n. This cannot be measured either, as it is a potential future behaviour change. 3) Probability of future cessation
of shielding only if provided with LAAB-PrEP, which we term ‘replacement’, p. Again, this cannot be measured as it is a
potential future behaviour change. We conducted sensitivity analyses for these three parameters by randomly sampling
other parameters from the entire range while constraining these three parameters close to the upper and lower bounds,
as shown in Fig 3a (see also Fig Ea in S1 Text where shielding cost is considered). Our analysis showed a future scenario
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Fig 2. Tornado plots for the one-way sensitivity analysis between three model outputs (incremental costs, incremental QALYs and ICERs)

and the top five features influencing the health and economic impact of the LAAB-PrEP over time-horizons of 2 years (a, d, g), 5 years (b, e, h)
and 10 years (c, f, i), from the healthcare payer perspective. The black vertical lines in each panel represent the outputs for the set of mean values of
the parameters. The blue and red bars for each labelled parameter indicate the output where the corresponding parameter was respectively lower and
higher than the mean value of its range, while all the remaining parameters were sampled from their entire possible ranges.

https://doi.org/10.1371/journal.pcbi.1013072.9002
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where most patients would continue shielding when LAAB-PrEP is not available but would switch to LAAB-PrEP when
available (low fatigue, high replacement scenario) represents the future scenario in which LAAB-PrEP is most likely to

be cost effective. A future scenario where patients would continue shielding when LAAB-PrEP is not available and would
reject LAAB-PrEP when available (low fatigue, low replacement scenario) is the future scenario in which LAAB-PrEP is
least likely to be cost effective. The two-way sensitivity analyses, shown in Fig 4, demonstrated how the probability of
being cost effective varied conditionally on future LAAB-PrEP products having a particular efficacy and becoming avail-
able at a certain price under the three scenarios defined in Fig 3a. This highlighted the strength of the disutility of shielding
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Fig 3. Cost-effectiveness acceptability curves. The vertical purple and red dashed lines show the willingness-to-pay thresholds of 20,000 GBP and
30,000 GBP, respectively. The horizontal brown dashed lines show the probability of a cost effectiveness of 0.9. (a) Scenario analysis of behavioural
parameters. The low fatigue, high replacement scenario is represented by the red line (n € [0, 0.10] and p € [0.95, 1]). The high fatigue scenario is repre-
sented by the green line (n € [0.75, 0.85]). The low fatigue, low replacement scenario is represented by the purple line (n € [0, 0.15] and p € [0, 0.1]). (b)
Sensitivity analysis of time horizons. The green, red and purple lines represent 10, 5 and 2 years, respectively. (c) Sensitivity analysis of the incidence of
hospitalisation after COVID-19 infection for individuals who are immunocompromised. The red, yellow, green, blue and pink lines represent the intervals
of incidence of hospitalisation as (0.04,0.05), (0.03,0.04), (0.02,0.03), (0.01,0.02) and <0.01 per person per year, respectively. (d) Sensitivity analysis

of risk subgroups. The legends in (d) (from left to right) are ordered from the top line to the bottom line. Details of the characteristics and parameters of
each group are described in Table C in S1 Text and Evans et al. (2023) [6].

https://doi.org/10.1371/journal.pcbi.1013072.g003
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and thus the strength of behaviour changes in influencing the cost effectiveness of LAAB-PrEP. We found that the effec-
tiveness of LAAB-PrEP would only have a small impact on whether its use is cost effective. This is because the majority
of the benefit would be due to behaviour change (reduced shielding), with the direct protective effect against COVID-19
contributing less.

Note that we did not explicitly include factors influencing shielding fatigue and replacement behaviours. For example,
the perception of a heightened risk of severe of COVID-19, which could be linked to increasing reports of cases or con-
cerns about an individual's personal risk, would reduce fatigue. A reduced confidence in the ability of LAAB-PrEP to pro-
vide sufficient protection, which could be linked to reports on its effectiveness against circulating variants, would reduce
shielding replacement.

Lengthening the time horizon increases cost effectiveness

Running the repeated dosing and repeated challenge programme for a longer time horizon, e.g., 10 years, would
increase the total costs but gain additional QALY's, resulting in a decreasing cost per QALY gained (Fig 2). The longer
the time horizon, the more likely that LAAB-PrEP will be cost effective (Fig 3b; see also Fig Eb in S1 Text where shielding
cost is considered). Interestingly, the relative importance of various parameters differs when considering different time-
horizons, especially for QALYs and ICERs (Fig 2). When the time horizon is short (2 or 5 years), the impact of shielding
on the utility value of an immunocompromised individual’s life (us), together with other parameters relevant to shielding
behaviour, plays an important role in determining the QALY's of LAAB-PrEP, whereas life expectancy, % becomes more
important when the time horizon is long (10 years) (Fig 2). Intuitively, we consider this to be because of the competing
risk between the mortality rate in the absence of COVID-19 infection among immunocompromised individuals and the
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Fig 4. The two-way sensitivity analysis for the probability of cost effectiveness varied conditionally according to whether future LAAB-PrEP
products have a particular efficacy and if they become available at a certain price under the three scenarios studied in Fig 3a. Specifically,
the “high fatigue” scenario is defined by values of n € [0.75, 0.85], the “low fatigue high replacement” scenario is defined by values p € [0.95, 1] and

n € [0, 0.15], and the “low fatigue-low replacement” scenario is defined by values p € [0, 0.1] and 1 € [0, 0.15]. For this analysis, the willingness-to-pay
threshold was fixed at GBP 20,000.

https://doi.org/10.1371/journal.pcbi.1013072.g004
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COVID-19 mortality rate. LAAB-PrEP will only be cost effective if the risk of mortality due to COVID-19 infection is higher
than the mortality rate of comorbidity in the absence of COVID-19. This competing risk is more pronounced with a longer
time-horizon.

Exploring the probability of LAAB-PrEP cost-effectiveness under different incidences of COVID-19 hospitalisation

As the incidence of hospitalisation can be measured and varies greatly among individuals who are immunocompromised,
we also explored the probability of the cost effectiveness of LAAB-PrEP for different ranges of incidence of COVID-19
hospitalisation. We found that a higher incidence of hospitalisation leads to a higher probability of LAAB-PrEP being

cost effective (Fig 3c; see also Fig Ec in S1 Text where shielding cost is considered), implying that targeting individuals
with a higher risk of severe COVID-19 might help to optimise the overarching cost-effectiveness of the rollout. This was
confirmed by Fig 3d (see also Fig Eb in S1 Text where shielding cost is considered), where we parameterised eight risk
subgroups with a variety of primary conditions (as defined in the INFORM study [6] and summarised in our Table C in

S1 Text). These different risk groups were parameterised with different incidence of COVID-19 hospitalisation. The risk
groups also had different values for the probability of requiring general hospital bed treatment given symptoms, the proba-
bility of requiring intensive care unit (ICU) without ventilator treatment given hospitalisation, and the average time to death
in the absence of COVID-19.

Discussion

Here, we present a modelling framework to evaluate which features of a hypothetical pharmaceutical intervention (LAAB-
PrEP), in combination with shielding, have the greatest influence on the health and economic impacts of that intervention
in England or a similar setting. The target population for this intervention is individuals who are immunocompromised and
thus at high risk of severe COVID-19 and its complications. The current standard of care for COVID-19 prophylaxis in this
risk group is shielding, a non-pharmaceutical intervention. As noted earlier, creating a single framework to evaluate and
compare pharmaceutical and non-pharmaceutical interventions is challenging. If a constant effectiveness is maintained,
we predict that LAAB-PrEP taken over a longer time-horizon as a repeated dosing prophylaxis strategy against repeated
COVID-19 challenges is more cost effective than a short-term, temporary strategy. The influence of dynamically varying
effectiveness is the subject of the current study.

A cost-effectiveness analysis of Evusheld PrEP for individuals who are immunocompromised has been conducted
in South Korea [26]. In that study, a transmission model was used to estimate the incremental cost-effectiveness (cost
per QALY gained) of Evusheld from the healthcare system perspective. However, there are some important caveats to
note with that study compared with the approach we have taken. Jo and colleagues’ model does not consider reinfec-
tion or repeated dosing, which might lead to a biased estimate of the impact of LAAB-PrEP. Also, they studied a 1-year
time-horizon, whereas we considered a repeated challenge and repeated dosing strategy in our model and conducted
a sensitivity analysis for time horizons of 2, 5 and 10 years. Furthermore, Jo and colleagues’ comparator was the same
population but without Evusheld. This overlooks the primary standard of care among immunocompromised individuals,
i.e., shielding. In our model, we compare LAAB-PrEP with shielding, specifically using parameters based on the costs of
shielding in England (which may be higher or lower for the individual and/or state in other settings). Finally, they consid-
ered the risk of COVID-19 infection to be the same among immunocompromised individuals and the general population,
which may not be the case and which we attempted to account for in our approach.

Some attempts have been made to estimate the effectiveness of shielding among individuals assumed to be at
high risk of severe COVID-19, by comparing COVID-19 outcomes among the shielding, high-risk population and the
non-shielding, general population [10,27]. However, this comparison overlooks the fact that the non-shielding, general
population has very different susceptibility and immune responses before [28—31] and after vaccination [32] compared
with the shielding, high-risk population. This leads to a biased estimate of the effectiveness of shielding at reducing the
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incidence of infection and moderating disease severity. Ideally, the analysis should be COVID-19 outcomes among a
shielding high-risk population compared with a non-shielding high-risk population. However, this would be unethical and
also impractical, given that all individuals in high-risk groups were advised to shield during the pandemic.

Additionally, such a comparison would normally involve a comparator that is a pharmaceutical intervention and an inter-
vention that is also a (potentially superior) pharmaceutical intervention. If the new pharmaceutical intervention was indeed
superior, it is assumed that the entire target population would switch from the old (comparator) intervention to the new
one. In our study, however, the comparator (shielding) is a non-pharmaceutical intervention. Members of the target popu-
lation could decide to take the pharmaceutical intervention (in this case LAAB-PrEP) but subsequently all of these indi-
viduals, none of them, or some fraction in between could do both, i.e., take LAAB-PrEP while continuing to shield. Future
scenarios may not necessarily therefore involve a complete replacement of shielding but could be a variety of combina-
tions of current or reduced levels of shielding combined with uptake of the new pharmaceutical intervention (LAAB-PrEP).

This study has a number of limitations. ‘Shielding’ behaviour of individuals who are immunocompromised could provide
them with protection against a wide range of pathogens beyond SARS-CoV-2, which was not considered in this analysis.
This might have resulted in shielding effectiveness from a societal perspective being underestimated. We did not consider
the impact of long COVID, which could be prevalent in these immunocompromised individuals; this would lead to a disut-
ility associated with COVID-19 infection, and the exclusion of this in the model would mean that the cost-effectiveness
of preventing infection (through pharmaceutical or non-pharmaceutical interventions) is underestimated. We did not
include ageing or age-stratified mortality in the model. Mortality is, however, stratified by non-COVID mortality versus
COVID-related mortality. Age is less relevant for the immunocompromised risk group because their mortality rate is more
closely linked with their underlying primary condition. In the individual risk-group analysis (Fig 3d), we did not include the
group-specific utility value of the underlying morbidity because the relevant estimates were not to our knowledge available
in the literature, highlighting the need for future research to address this knowledge gap. We found shielding behaviour
to be highly influential in terms of the likelihood of LAAB-PrEP being cost effective. However, there is considerable uncer-
tainty around the features of shielding, largely because these features are difficult to measure, such as the cost and
effectiveness of shielding in the past. There are also parameters that could not be measured, such as the expected future
degree of shielding among individuals who are immunocompromised, because they are related to future behaviours and
risk preferences.

When considering the effect of shielding, it is important to note that the incidence of COVID-19 infections and hospital-
isations among immunocompromised individuals in the past was measured at the peak of the pandemic, when the advice
to shield was in place. This implies that if shielding stops at some point in the future having been effective in the past, then
input values for future incidence should be inflated accordingly.

Our modelling framework allowed us to evaluate the QALY's lost due to COVID-19 over various time-horizons, i.e., 2
years, 5 years (default) and 10 years, from the payer (healthcare sector) perspective [33]. This involves costs to health-
care payers, including hospital treatment costs and therapy costs, and also from the societal perspective, involving the
approximate costs of shielding (assumed to be in the range of the furlough payments in England during the COVID-19
lockdown [34] and Statutory Sick Pay (SSP) [35]).

Using our repeated challenge and repeated dosing modelling framework, we observed a trade-off between the risk of
dying of COVID-19 versus the risk of dying of a primary condition. This is because LAAB-PrEP will only be cost effective
if it can reduce the mortality rate due to COVID-19 to less than the mortality rate due to the primary condition. This effect
becomes more pronounced over a longer time-horizon, indicating that repeated boosting with LAAB-PrEP for individuals
who are immunocompromised, a strategy similar to repeated vaccine boosters for high-risk non-immunocompromised
individuals, is a more cost-effective strategy than considering a single dose over a shorter time-horizon.

Additionally, the incidence of hospitalisation differs for different subgroups of immunocompromised individuals. As
this parameter can be directly measured in clinical studies, we have parameterised our model so that incidence of
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hospitalisation can be used as a model input. The increased probability of cost effectiveness of LAAB-PrEP in high-risk
subgroups with a high incidence of hospitalisation may support a prioritisation strategy for subgroups of individuals who
are immunocompromised.

The effectiveness of LAAB-PrEP is ranked at a low position in the list of influential parameters, i.e., although influen-
tial, other features may be more so. However, this does mean that there will be parameter combinations in which even
LAABs with intermediate effectiveness could be cost effective, especially under the high fatigue and the low fatigue high
replacement scenarios (Fig 4). This is important given the uncertainty around the future effectiveness of LAABs against
new variants of SARS-CoV-2. However, the likelihood of LAAB-PrEP replacing shielding depends on the confidence
individuals have in its protective effect, which may in turn be influenced by its perceived and/or reported effectiveness
against circulating variants. The dynamic relationship between the effectiveness of LAAB-PrEP, guidelines and physicians’
recommendations, and shielding behaviour change by immunocompromised individuals and their close contacts has not
been sufficiently characterised for inclusion in a model. The omission of this potential feedback loop between LAAB-PrEP
effectiveness and shielding behaviour change is a limitation of the current approach and is to be the topic of future inter-
disciplinary research.

By taking shielding behaviour into consideration, we have shown that the expected health impact of LAAB-PrEP, as
measured by QALYs gained, on COVID-19 in individuals who are immunocompromised, will be driven by various factors.
These are the utility of shielding, the features of current and future shielding behaviour, the incidence of COVID-19 hospi-
talisation in a specific immunocompromised subgroup, and the effectiveness of LAAB-PrEP in preventing clinically signif-
icant disease over a short time-horizon and the additional impact of the underlying mortality rate of the primary condition
of a specific immunocompromised subgroup over a long time-horizon. The features influencing the expected economic
impact of LAAB-PrEP are the cost of LAAB-PrEP, shielding fatigue, the cost of shielding, and shielding replacement.

As for the ICER, shielding-related parameters, including shielding fatigue and replacement, utility and cost of shielding,
ranked as the most influential parameters.

Methods
Model structure

We developed a compartmental susceptible—infected—susceptible (SIS) model structured to capture the infection dynam-
ics of COVID-19 in individuals who are immunocompromised. A simplified version is shown in Fig 5; see Fig Ain S1 Text
for the complete version. The model explicitly includes disease states and progress. As individuals are infected, they
develop either clinically significant or clinically insignificant disease (I¢). The model tracks the healthcare requirements of
individuals with clinically significant disease; these include a general hospital bed (/y), an intensive care unit (ICU) bed (/) or
an ICU bed and ventilation (/). These pathways are distilled into a decision-tree algorithm (Fig B in S1 Text) driven by the
variables listed in Table Ain S1 Text and the parameters listed in Tables B-D in S1 Text. Disease-induced mortality rates
are heavily dependent on the severity of the infection outcome.

Pre-intervention target group

We created a model for a hypothetical cohort with a population size of 1,000, denoted as Y, who are assumed to be the
target population for the hypothetical LAAB-PrEP, i.e., individuals who are immunocompromised. However, immunocom-
promised individuals comprise a heterogeneous population with varying degrees of primary conditions that can not only
contribute to disutility in the absence of COVID-19 but also lead to great uncertainties around the risk of infection and
severity of COVID-19. In general, we handle these uncertainties by sampling parameters characterising immunocompro-
mised individuals across large ranges (Table B in S1 Text) and conducting the cost-effectiveness analysis based upon the
model-estimated incremental cost and effect for each set of input parameter values. Furthermore, we parameterised eight
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risk subgroups of immunocompromised individuals, based on broad definitions encompassing all conditions/treatments
generally considered to result in an immunocompromised state. These definitions were obtained from Evans et al. (2023)
[6] and are summarised in our Table C in S1 Text.

Characterising the effectiveness of shielding among immunocompromised individuals

We consider shielding behaviour among immunocompromised individuals from three standpoints: the past, present and
future. The reason for this approach is that immunocompromised individuals in the future may experience shielding fatigue
as a result of shielding during the COVID-19 pandemic, which occurred in the past; furthermore, shielding behaviour in the
future may be dependent on the availability of alternative pharmaceutical interventions. Additionally, observed incidence of
hospitalisation in the present is calculated from immunocompromised individuals who are under historical/present levels of
shielding.

If we assume the current estimate of hospitalisation incidence of immunocompromised individuals due to a COVID-19
infection is yy and the probability of requiring hospital treatment after COVID-19 infection is py, then the force of infection
among immunocompromised individuals who are shielding is given by

recovery

Infected

Susceptible

infection
Intensive care bed
(no ventilation)

Ventilation in
intensive care bed

Died Died
(not COVID-19) (COoVID-19)

Fig 5. Flow chart of the susceptible—infected—susceptible (SIS) model showing four severity sub-states for infected individuals: outpatient,
hospitalisation requiring a standard hospital bed, hospitalisation requiring an intensive care unit (ICU) bed (no ventilation) and hospitalisation
requiring an ICU bed and ventilation. Death from COVID-19 occurs from the infected states at rates dependent on the level of severity of the infection.
Death from other causes, including the primary condition of the immunocompromised individuals, occurs at the same rate for all susceptible and infected
states.

https://doi.org/10.1371/journal.pcbi.1013072.9005
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)\obs = yj

(1)

Then, if they stop the historical/present degree of shielding, the force of infection among individuals who are immuno-
compromised, which is an inflated force of infection, can be calculated by

>\obs
l-0 2)

)\inf =

where o denotes the effectiveness of shielding in the past/present.

If we assume the future level of shielding fatigue following the peak of the COVID-19 pandemic that reduces the degree
of shielding is 7, the force of infection among immunocompromised individuals in the future in the comparator group is
given by

Ao = Aint X (1= (1=n) x o) )

If we assume that shielding replacement, defined as the reduction in shielding when an alternative pharmaceutical
intervention is available in the future, is p, then the force of infection among immunocompromised individuals in the future
in the intervention group is given by

)\1:)\,‘an(1—(1—7’])XUX(l—p)) (4)

Characterising the costs of shielding among immunocompromised individuals

For the weekly shielding cost, cs, we approximated its lower bound based on the Statutory Sick Pay (SSP) level in
England, i.e., GBP 99.35 per week for 2022—23 [35], and the upper bound as being analogous to the furlough payments in
England; more details are provided in S1 Text.

Model-estimated incremental costs and incremental effects

The costs of the intervention group (for a mixture of shielding and LAAB-PrEP), C;, comprise three components: hospital
treatment costs, Cy, shielding (furlough) costs, Cs;, and the LAAB-PrEP rollout costs, Cy4, as given by Equation 5 and
Equations 1-5 in S1 Text. As we assume the hypothetical LAAB-PrEP is only rolled out every 6 months, the LAAB-PrEP
rollout costs are aggregated from surviving individuals (i.e., those who survived COVID-19 infection and any other primary
conditions) every 6 months using the price per dose. The costs of the comparator (shielding) group, Cy, comprise two
components: hospital treatment costs, Crq, and shielding (furlough) costs, Cs, as given by Equation 6 and Equations 1—4
in S1 Text.

Ci=Cm +Cy+(1-p)(1-n)Cy (5)

Co = Cho + (1=p)Cy (6)

Here, Cy; and Cpq are calculated as the product of the length of stay and cost per day for each of the possible types of
hospitalisation stay in the intervention group and comparator group, respectively.

We discounted costs of the intervention and comparator groups by applying a discounting parameter, k., both fixed at
3.5% as recommended by NICE [24] (Table B in S1 Text).
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We reviewed relevant literature to estimate a cost per rollout for the hypothetical LAAB-PrEP. Evusheld was the first
PrEP against COVID-19 (other than vaccination) to receive Emergency Use Authorisation (EUA) and, to the best of our
knowledge, to date it remains the only mAb used for PrEP against COVID-19. The list price of one dose (600 mg, contain-
ing 300 mg each of tixagevimab and cilgavimab) is GBP 1,600 plus value-added tax (VAT) at 20% [7]. The cost to a private
healthcare provider will be GBP 1,200 per dose; however, the cost a recipient pays may be in the order of GBP 2,600 after
taking consultation and other fees into account [36]. The cost to public healthcare providers would likely be somewhere
between these two costs.

Calculating differences in costs

Costs were estimated for both the comparator and intervention groups, with the incremental costs, AC, therefore being
the difference between these estimates.

Modelling shielding disutility

QALYs were estimated by applying utility decrements to the shielding impact and discounting them from the utility value
of primary conditions. If we assume the utility value for immunocompromised individuals with underlying conditions before
adjusting for shielding is ugp and the discounting impact of shielding on the utility value is us, we can define a multipliable
relationship between utility value, U, and the degree of shielding level, s, as defined by Equation 7 [9,37] and shown in Fig
C in S1 Text, with the ranges of parameters shown in Table B in S1 Text.

U=uy(1-(1-us)s) (7)

Differences in disease burden
The QALY is a single indicator that combines the measurement of utility and the length of life [23] and can be calculated
using Equations 8 and 9:

QALYy = (Up (1-(1=us) (1=n))) LYo (8)

QALY = (U (1= (1-us) (L=n)(1=p))) LY: 9)

Here, QALY, and QALY; are the QALYs for individuals in the comparator and intervention groups, respectively. LY, and
LY, are the life-years for individuals in the comparator and intervention groups, respectively; they can be calculated using
Equations 8 and 9 in S1 Text.

The incremental QALYs (AQ), therefore, are the difference between QALY; and QALY].

Combining costs and effects

Once the incremental costs, AC, and incremental QALYs, AQ, have been computed, then the ratio, AC/AQ, is the
incremental cost-effectiveness ratio, ICER. This can be used to determine whether the alternative intervention (mixture of
LAAB-PrEP and shielding) is more cost effective than the current standard of care, i.e., shielding.

Constructing the comparator and the intervention

First, we create a hypothetical population by sampling parameters characterising immunocompromised individuals.
Then, we simulate the five infection stages, including the feature of reinfection, among these populations using our SIS
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model (Fig 5) and by sampling epidemiological parameters. The hospital treatment costs and LAAB-PrEP rollout costs can
be simultaneously aggregated for all infection stages by the time horizon (5 years as the default) that we are interested in.

In the comparator group where the standard of care is shielding with some level of fatigue, historical/current shielding
effectiveness and future fatigue level are used to inflate the costs and effects of shielding. In the intervention group, which
is a combination of LAAB-PrEP and shielding, we use the replacement level of shielding to further adjust the effect of the
comparator group to account for potential changes in the population’s preferences should an alternative pharmaceutical
intervention become available in the future. The sampling algorithm is illustrated in Fig 6.

Exploring uncertainty

As already noted, our model can take parameter uncertainties into account. We performed sensitivity and scenario anal-
yses to explore the implications of these parameter uncertainties. For the sensitivity analyses, the uncertainty is captured
by randomly drawing values from the cost and effect distributions of all interventions and basing the calculations on these
randomly drawn values. First, we conducted a probabilistic sensitivity analysis and output 100,000 samples. Each sample
takes in a specific combination of parameters and outputs the corresponding incremental QALY's (AQ), incremental costs
(AC) and ICER. We rank the parameters by their Pearson correlation coefficients with AQ to evaluate the importance of
parameters influencing incremental QALYs.

For the scenario analyses, we defined three scenarios by changing the ranges of two parameters relating to the
behaviour of immunocompromised patients, including future cessation of shielding regardless of whether a pharma-
ceutical alternative is available, termed ‘shielding fatigue’, and future cessation of shielding only if provided with LAAB-
PrEP, termed ‘shielding replacement’. These scenarios were selected in a purposeful way to maximise the likelihood of
a cost-effective outcome. In the low fatigue, low replacement scenario, both values are uniformly sampled between 0
and 0.25. In the low fatigue, high replacement scenario, shielding fatigue is uniformly sampled between 0 and 0.25 and

1
Sample risk group, LAAB efficacy,
epidemiological and cost parameters

4
Create comparator:
Standard of care is shielding with some level of
fatigue

2
Sample historical/current shielding
effectiveness

3
Sample future fatigue level

6
Create intervention:
Combine LAAB with shielding of comparator level
fatigue, reduced through replacement

5
Sample replacement level

Fig 6. A conceptual diagram for constructing the comparator (shielding) and the intervention (a combination of shielding and LAAB-PrEP) in
the simulation model.

https://doi.org/10.1371/journal.pcbi.1013072.9006
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shielding replacement is uniformly sampled between 0.75 and 0.9. In the high fatigue scenario, shielding fatigue is uni-
formly sampled between 0.75 and 1 and shielding replacement is uniformly sampled between 0 and 0.9.

In the sensitivity analysis for time horizons, all parameters are randomly sampled from their distributions listed in Table
B in S1 Text except the time horizon, which is fixed at 2, 5 or 10 years (Fig 2b). In the sensitivity analysis for the incidence
of hospitalisation with COVID-19 infection, after all parameters are randomly sampled from their distributions listed in
Table B in S1 Text, the pairs of probabilities of cost effectiveness and incidence of hospitalisation are rearranged so that
different lines of probability of cost effectiveness against different intervals of incidence of hospitalisation can be visu-
alised, as shown in Fig 2c. In the sensitivity analysis for individual risk subgroups, parameters characterising the eight
risk subgroups were obtained from the INFORM study [6] and Table B in S1 Text, while other parameters were randomly
sampled from the distributions listed in Table B in S1 Text as shown in Fig 2d.
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