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A deterministic, age-structured, continuous-time, non-linear dynamic transmission model in the form of differential equations was constructed and used to quantify and assess the potential public health impact of a varicella immunization program in the Danish population. The aging compartments in the model were structured to capture the demographic, epidemiological, behavioral, and economic data available for Denmark and vaccination dose schedules of interest.
The model itself was a variation of an MSEIRV (Maternal-Susceptible-Exposed-Infected-Recovered-Vaccinated) model, a structure commonly used to evaluate the impact of vaccination programs (1). It was extended to include health states that represent the reactivation of latent varicella zoster virus leading to HZ. Furthermore, the set of health states for tracking vaccinated persons over time were replicated to differentiate between those who received their first or second vaccination dose in the UVV program. The set of health states and corresponding transitions were similar to those used in previous cost-effectiveness analyses of UVV (2, 3, 4, 5, 6), but with changes that use the Failure-Take-Waning-Degree structure of vaccine effectiveness (7), which better aligns with the long-term data from randomized control trials (10 year follow-up) for V-MSD (8) and V-GSK (9). A model flowchart is given in Fig A. Model variables are defined in Table A. Epidemiological parameters are given in Table B.

[bookmark: _Ref103604190][bookmark: _Hlk103673691]Fig A. Model diagram
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Blue lines represent vaccination with UVV first dose, purple lines represent vaccination with second dose, red lines represent varicella natural history and black lines represent all other transitions in the figure. Subscripts 0,1,2 refer to the number of varicella vaccination doses received. See Table A for definitions of model variables.


Newborns entered the model with passive immunity against varicella conferred by maternal antibodies  and later became susceptible to natural varicella  following waning of such immunity. Unvaccinated children developed latent varicella, i.e., they became exposed , following sufficient contact with infectious individuals (including infectious cases of herpes zoster). Fourteen days after such exposure, exposed individuals became infectious with varicella  and developed varicella disease. Individuals could either recover from varicella infection with high immunity against zoster  or die from varicella . Over time, this acquired zoster immunity in individuals from varicella would wane . Exposure to varicella could lead back to increased immunity (exogenous boosting effect).
Children were vaccinated against varicella according to schedules detailed in the main manuscript. A varicella vaccine dose may either fail to induce an immune response , succeed in inducing temporary immunity , or succeed in inducing long-lasting immunity . In the case of vaccine failure, children remained susceptible  to varicella infections with outcomes that are as severe as natural varicella. However, it was not possible to determine whether a vaccinated individual developing varicella disease had a primary vaccine failure or breakthrough varicella (due to waning). 
[bookmark: _Hlk83992813][bookmark: _Hlk83992919]The interval between the first and second dose for either routine or catch-up vaccination may be interrupted by progression to an infectious stage  of natural varicella following exposure . In such cases of breakthrough infection after single dose of vaccine, the child would not be eligible for the 2nd dose. 
Immunity gained from a successful first dose was either temporary () or long-lasting (). Temporary immunity waned at a rate based on vaccine characteristics, and after waning, vaccinees were at risk of acquiring breakthrough varicella. If a person with waned vaccine immunity was exposed to varicella , they would progress to infectious varicella after breakthrough . Breakthrough infectious individuals could either recover with high immunity against HZ  or die from varicella . Recovered individuals, again, could lose acquired immunity to zoster . 
For children who had received their first varicella vaccine dose in a two-dose vaccine schedule, the second dose was administered at an age determined by the vaccination strategy (see Table 1 in the main manuscript). If the second dose was successful, immunity gained was either temporary () or long-lasting (). The rest of the dynamics followed the same trajectory as that after the first successful dose.
As immunity against HZ waned, persons previously infected with varicella zoster virus (natural infection) could undergo HZ reactivation , ). Individuals who had been previously and successfully vaccinated (against varicella) could undergo HZ reactivation as well . HZ reactivation resulted in either recovery with life-long immunity  or death . 
Throughout their lifetime, individuals could benefit from exogenous boosting. This phenomenon occurred when individuals with waned immunity against zoster were in close physical proximity to varicella-infectious individuals. Exposure to a circulating virus boosted the immune system, thus extending protection and reducing the risk of HZ reactivation (10). A decrease in exogenous boosting due to UVV could potentially cause an increase in the incidence of HZ or shift the incidence of natural varicella to older age groups who are more likely than younger individuals to experience severe illness leading to hospitalization and higher costs (11). The clinical importance and magnitude of exogenous boosting are not well-characterized, and evidence for the effect of UVV on exogenous boosting and the incidence of HZ is inconsistent (12, 13). Some prior modeling studies that evaluated UVV impact on HZ incidence with reduced or no exogenous boosting found that UVV implementation resulted in incremental cost-effectiveness ratios (ICERs) that exceeded accepted thresholds (14). This model was one in which exogenous boosting provides temporary immunity, with parameters derived from recent real-world evidence on the impact of contact with persons with infectious varicella on rates of HZ (15).
All compartments were stratified by age and the age cuts, in years, were:
 
[bookmark: _Ref103606080][bookmark: _Hlk103673860]There were 49 age groups in this model, indicated by the subscript . For vaccinated compartments, the number of doses already administered was indicated by the subscript  


Table A. Definition of model variables
	Variable
	Description (variables represent proportions)

	Unvaccinated compartments

	
	Passively immune

	
	Susceptible to varicella infection

	
	Latent varicella

	
	Infectious varicella

	
	Recovered from varicella with high herpes zoster immunity

	
	Low herpes zoster immunity due to waning effects 

	Varicella vaccination

	
	Long-lasting immunity following dose vaccination

	
	Temporary immunity following dose vaccination

	
	Susceptible to varicella following dose vaccine waning

	
	Susceptible to varicella following dose vaccine failure

	
	Latent varicella following dose vaccine failure

	
	High herpes zoster immunity following dose vaccination

	
	Low herpes zoster immunity following dose vaccine waning

	Breakthrough varicella

	
	Latent varicella following dose vaccine waning

	
	Infectious varicella

	
	Recovered from varicella with high herpes zoster immunity

	
	Low herpes zoster immunity due to waning 

	Herpes zoster reactivation

	
	Infectious with wild type herpes zoster

	
	Infectious with vaccine-type herpes zoster post varicella vaccination

	
	Infectious with wild type herpes zoster post breakthrough varicella

	
	Recovered from herpes zoster with high herpes zoster immunity

	Death

	
	Death from varicella

	
	Death from herpes zoster


Subscript  indicates the age group. 
Confidential


Table B. Definition of model demographic and epidemiological parameters	
	[bookmark: _Hlk104271374]Parameter
	Description
	Value
	Source

	Demographic rates (per year) A

	
	Fertility rate
	Varies
	(16)

	
	Force of mortality B
	Varies
	(16)

	--
	Sex ratio
	Varies
	(16)

	
	Maturation rate
	Varies
	Computed

	
	Contact mixing rate between age groups  and 
	Varies
	(17)

	
	Age-specific relative risk of varicella transmission per contact
	0-3 years: 5.24483
4-19 years: 6.50375
≥20 years: 3.03473 x 10-7
	Calibrated

	
	Birth rate
	Varies
	Computed

	Natural varicella infection

	
	Average waning period of passive (maternally-induced) immunity
	7.3 months C
	Calibrated

	
	Average latent period of natural varicella
	14 days
	(18, 19)

	
	Average infectious period of natural varicella
	7 days
	(19, 20, 21)

	
	Average waning period of zoster immunity after natural varicella
	81.3 years C
	(15)
See section below D

	Breakthrough varicella infection

	
	Relative infectivity of breakthrough varicella
	50%
	(18, 22)

	
	Average latent period of breakthrough varicella
	14 days (Assumed to be same as natural varicella)
	(18, 19)

	
	Average infectious period of breakthrough varicella
	6 days C
	(19, 20)

	
	Average waning period of zoster immunity after breakthrough varicella 
	81.3 years C
	Assumed equal to (15), See section below D

	Herpes zoster reactivation

	
	Relative infectivity of HZ
	7%
	(1) (23)

	
	Wild HZ reactivation rate
	
	Calibrated

	
	HZ reactivation rate on vaccine arms
	1/6
	(24)

	
	HZ reactivation function parameters
	: 0.063539
: 0.0977123
: 2.34068
: 0.0640124
	Calibrated

	
	Average duration of HZ outbreak following natural varicella 
	28 days
	(1, 25, 26)

	
	Average duration of HZ outbreak following breakthrough varicella 
	28 days
	(1)

	
	Average waning period of exogenously boosted zoster immunity following successful varicella vaccination 
	81.3 years C
	(15),
See section below D

	djphn
	Average duration of PHN outbreak
	9 months C
	(27)

	Exogenous boosting

	
	Proportion of contacts leading to exogenous boosting after natural varicella
	33.45% C
	(15),
See section below D

	
	Proportion of contacts leading to exogenous boosting after breakthrough varicella
	33.45% C
	(15),
See section below D 

	
	Proportion of contacts leading to exogenous boosting after varicella vaccination
	33.45% C
	(15),
See section below D

	Disease-related death

	
	
	0-5
	5-15
	15-45
	45-65
	>65
	

	
	Natural varicella infection-related death rate (deaths per 100,000 cases)
	1
	1
	9
	73
	689 C
	(28)

	
	Breakthrough varicella infection-related death rate (deaths per 100,000 cases)
	0
	0
	0
	0
	0 C
	(29, 30, 31)

	
	HZ reactivation-related death rate (deaths per 100,000 cases)
	0
	1
	2
	2
	61
	(28)


HZ, herpes zoster; PHN, postherpetic neuralgia.
A Demographic inputs are age-structured and country-dependent and vary for each adaptation.
B Force of mortality= -ln (1-annual probability of death).
C These values were updated from Wolfson 2019.
D See section on Estimation of boosting proportion and duration of boosting in this S1 Text.


The system of ordinary differential equations describing the model is provided in the Ordinary differential equations sub-section. 
The demographic model takes as inputs the population’s age distribution, fertility rate, and mortality rate (16, 32, 33, 34, 35). These rates were taken from country statistics provided by Statbank, Statistics Denmark. The contact mixing rate between age groups in the model influenced the likelihood that individuals in an age group become infected and was based on a study projecting the social contact rate in 152 countries (17), which combined information from the POLYMOD study of contacts between 2005 and 2006, and country-specific demographic data (36).

Natural varicella
Maternally-induced immunity following birth was calibrated from historical age-stratified varicella seroprevalence data and was determined to last 7.3 months (Table B).
Following this period, infants in the model became susceptible to varicella infection. Once exposed, the model separated the infection period into a latent and infectious period; during the infectious period, others may become infected at a rate governed by the contact mixing matrix.
For natural varicella infections, the average latent period was 14 days (18, 19), and the average infectious period was 7 days (19, 20, 21). The average latent period for natural varicella was based upon a 1929 study of the use of convalescent serum to prevent chickenpox (37). The latent period for natural varicella in the Control of Communicable Diseases Manual was also stated as 14-16 days (38). 

Breakthrough varicella
The same average latent period (14 days) as natural varicella was used for breakthrough infection (19). However, the likelihood of a vaccinated individual infecting others following breakthrough varicella was reduced due to a shorter infectious period (6 days) and lower relative infectivity of breakthrough varicella as compared with natural varicella (19, 20). The average infectious period for natural and breakthrough varicella was based on a post-licensure effectiveness study conducted during a 1996 outbreak at a childcare center in the state of Georgia, USA (21). The relative infectivity of breakthrough varicella (50%) was based upon a population-based active surveillance study conducted from 1997-2001, which reported that vaccinated cases were half as contagious as unvaccinated cases (22). Brisson et al. (2000) also estimated 50% infectivity with breakthrough varicella based upon secondary attack rates from RCTs and the ratio of the numbers of lesions for vaccinated versus unvaccinated cases (detailed calculation provided in Brisson et al.) (18).

Herpes zoster
The relative contribution of HZ to varicella transmission (7%) was estimated by Ferguson et al. (1996) (23) using a stochastic SIR model and was used in models by Schuette and Hethcote (1). The reduction factor of the HZ reactivation rate for vaccinees (1/6) was taken from a multi-country model of varicella zoster virus transmission and reactivation applied to Italy, Finland, and the UK (24). The average duration of an uncomplicated HZ outbreak following breakthrough varicella (28 days) was taken from a case series of HZ in general practice in New South Wales, Australia (25) and was used in both Garnett et al (1996) (26) and Schuette Hethcote (1999) (1). The duration of postherpetic neuralgia (PHN) was 9 months (27). The PHN proportion was 2.9%, 5.2%, 10.2% and 12.5% for age ranges 50 to 59 years, 60 to 69 years, 70 to 79 years, and 80 years and above, respectively. It was assumed that there is no PHN below the age of 50 years (39). 
A recently published self-controlled case series study of 9,604 UK adults with both household exposure to varicella and an episode of zoster showed that exposure to varicella is associated with a 33% reduction in risk of zoster over 20 years, suggesting that the impact of exogenous boosting may be lower than predicted in previous models (15). Another database study examining 20 years of real-world experience with UVV in the US found that the transient increase in HZ incidence predicted by the exogenous boosting hypothesis was not observed (40). Annual rates of change in HZ incidence were determined in an interrupted time series regression analysis for 1991-1995, 1996-2006, and 2007-2016, corresponding to pre-vaccination, one-dose vaccination, and two-dose vaccination periods, respectively. The annual incidence of HZ in adults increased at approximately the same rate in the years before and after implementing the varicella vaccination program. However, HZ incidence plateaued in adults beginning in 2012–2016, in contrast to the increases that would be expected under the exogenous boosting hypothesis. The increase in HZ incidence before implementing the varicella vaccination program in the US may be attributed to historic demographic changes that were not considered by previous models (41). Models that consider the interplay between exogenous boosting and historic demographic changes may more accurately predict the impact of varicella vaccination programs on HZ incidence. A population-based study in the US showed that approximately 38 in 100,000 children vaccinated against varicella developed HZ per year, compared to 170 per 100,000 unvaccinated children demonstrating the benefits of UVV on reducing the incidence of pediatric HZ (42). 
Additional parameters related to HZ, including the waning period following natural or breakthrough varicella (81.3 years) and the proportion of contacts leading to exogenous boosting (33.45%), were calculated based on estimates of the relative incidence of HZ in the 20 years after exposure to a child with varicella in the household compared with baseline time from Forbes et al. (2020), a self-controlled case series study conducted using Clinical Practice Research Datalink (CPRD) with 9,604 adults (15). A simple model was developed to project HZ incidence, with parameters of interest calibrated to align with the data from Forbes (see Estimation of boosting proportion and duration of boosting subsection below for details) (43).


[bookmark: _Force_of_infection][bookmark: _Toc107380616]Force of infection
The rate at which susceptible persons acquire infection was given by a time- and age-dependent force of infection, , where  is the age group of the susceptible person. The force of infection was computed using an empirical contact matrix for Denmark (17). As available data suggests, there is substantial transmission within households and the greater community (44); therefore, the all-location matrix was used. 
The matrix was , using 15 five-year age groups for younger than 75 and having a single age group for persons over 75. These 16 age groups corresponded to one or more of the 49 age groups in the model, as given in Table C.
Table C. Mapping between data and model age groups
	Contact matrix age group (
	Age range
	Model age groups contained (

	1
	[0,5)
	1-19

	2
	[5,10)
	20-24

	3
	[10,15)
	25-29

	4
	[15,20)
	30-34

	5
	[20,25)
	 35

	6
	[25,30)
	36

	7
	[30,35)
	37

	8
	[35,40)
	38

	9
	[40,45)
	39

	10
	[45,50)
	40

	11
	[50,55)
	41

	12
	[55,60)
	42

	13
	[60,65)
	43

	14
	[65,70)
	44

	15
	[70,75)
	45

	16
	>75
	46-49



The convention that age groups from the model have lowercase indices , while age groups from the contact matrix have uppercase indices , was introduced here.
Rates of contact were distributed across the age strata in the dynamic transmission model proportional to their population distribution, assumed to be uniform within the five-year age groups; that is, if model age groups  and  are contained in contact matrix age groups  and , repesctively, the number of contacts people in age group  have with people in age group  is given by 

where  is the population of age group j.  Thus, if  is the age-specific probability of a susceptible person in age group  becoming infected, the force of infection is given by



[bookmark: _Vaccination][bookmark: _Toc107380617]Vaccination
Table D provides details on vaccine properties. The first dose take rate is defined as the rate at which a complete immunological response is induced following the first dose. Similarly, the second dose take rate is when a complete immunological response is induced following the second dose if the first dose did not provide complete immunity. The vaccine failure rate is the proportion of individuals who did not seroconvert within 42 days of vaccine administration. 


Table D. Vaccine properties	
	[bookmark: _Hlk104271072]Parameter
	Definition
	Dose
	MSD vaccines
	GSK vaccines
	Source

	
	Vaccine failure rate
	1st & 2nd
	4%
	5%
	(45, 46)

	
	Dose take rate
	1st
	90.3%
	61.7%
	(7)

	
	
	2nd
	69.0%
	83.4%
	(7)

	
	
	1st & 2nd
	97%
	93.8%
	(7)

	
	Average duration of temporary protection against varicella after dose
	1st & 2nd
	1.2 years
	0.9 years
	(7)

	
	Average waning period of high HZ immunity following varicella vaccination
	1st
	81.3 years
	81.3 years
	(15), 
See section below D

	
	
	2nd
	81.3 years
	81.3 years
	


[bookmark: _Toc99001883]HZ, herpes zoster.
[bookmark: _Hlk126839554]
Thus, 90.3% and 61.7% of the cohorts were assumed to gain “permanent” protection after the 1st dose of MSD and GSK vaccines, respectively, compared to a total of 97.0% and 93.8% after 2 doses, respectively. These vaccine “take” values, used as inputs in our model, are slightly different from the vaccine “efficacy” reported from these randomized controlled trials (1 dose: V-MSD: 94.4%, V-GSK: 67.2%; 2 dose: V-MSD: 98.3%, MMRV-GSK 95.4%) (8, 9) but are derived from the same 10-year randomized clinical trial data on all breakthrough infections, irrespective of severity, and fitted to a deterministic compartmental infectious disease model (7).
[bookmark: _Hlk126839606]In our study we assumed the same efficacy of varicella vaccine for the monovalent and the varicella component of the quadrivalent formulations by the same company (47, 48).





[bookmark: _Estimation_of_boosting][bookmark: _Toc107380618]Estimation of boosting proportion and duration of boosting
[bookmark: _Hlk84526454][bookmark: _Hlk124324239]Forbes estimated the relative incidence of HZ in the 20 years after exposure to a child with varicella in the household compared with baseline time (15). Using data from Forbes et al (15) (see Table E), we designed a simple model which attempts to estimate two parameters of the natural history of zoster vis-à-vis the proportion of individuals been boosted (ζ) and the duration of boosting (1/δn).

Table E. Incidence ratio of herpes zoster following household exposure to a child with varicella
	Post-exposure risk period (years)
	Mid-point (years)
	Incidence ratio

	0–<2
	1
	0.67

	2–<5
	3.5
	0.69

	5–<10
	7.5
	0.69

	10–20
	15
	0.73


HZ, herpes zoster.

Following recovery from varicella infection, individuals acquired a temporary immunity to zoster (r). Once immunity to zoster waned, individuals became susceptible to zoster (w) at a rate δn. Individuals could have a reactivation episode at rate σ. The simple model is given below as



The simple model assumed mortality and aging have little influence on boosting and its duration. The goal was to use the simple model to compute the analytical incidence ratio and fit the Forbes data (15). The solution for the number of individuals susceptible to zoster when boosting is

The number of individuals susceptible to zoster without boosting is

The model incidence ratio was obtained by dividing the zoster incidence when boosting is active by zoster incidence without boosting. The model incidence ratio is given by


Using reactivation rate  and the associated values from Brisson (2002)(49), i.e.,  and , the estimated average value for  over the next 20 years was . Next, using the least-square method, the values  and  were obtained by minimizing the squared error between the model incidence ratio and the incidence ratio provided in the Forbes paper (also provided in Table E). Hence duration of boosting was 1/0.012299= 81.3 years. The least-square fit is depicted below in Fig B.
Fig B. Least-square fit of the incidence ratio
[bookmark: _Toc107380619][image: ]
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Definition of vaccination coverage 

No vaccination strategy:


2-dose short interval with catch-up:
· Primary vaccination at 12 months of age (j=5) starting at time=0
· Booster vaccination at 15 months of age (j=8) for children who received primary dose
· Primary catch-up vaccination at 2-12 years of age (j=17-26) in first year of UVV only (time=0)
· Booster catch-up vaccination at 3-13 years of age (j=18-27) in second year of UVV only for children who received primary catch-up vaccination


2-dose medium interval with catch-up:
· Primary vaccination at 15 months of age (j=8) starting at time=0
· Booster vaccination at 48 months of age (j=19) for children who received primary dose
· Primary catch-up vaccination at 2-12 years of age (j=17-26) in first year of UVV only (time=0)
· Booster catch-up vaccination at 3-13 years of age (j=18-27) in second year of UVV only for children who received primary catch-up vaccination


Zoster vaccination is excluded for all strategies:


The values of  refer to the different coverage rates described in detail in the main text.
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