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1 Supplementary Methods

1.1 Multi-state models

Overview

Multi-state models can be used to describe health-related processes over time, particularly

those relating to disease epidemics. In multi-state models, an individual begins in a given

state, spends a period of time in that state, then moves to a next state. Examples include

survival models, where individuals move from the alive state to the dead state, and disease-

staged models, where each state represents disease severity, with movement from state to

state representing disease progression [1]. The period of time spent in a state and the state to

which the individual moves can be thought of as random variables which may be estimated.

Generic multi-state model

Multi-state models are governed by a set of transition intensities qrs(t, z(t)) for each pair

of states r and s. The intensities may also depend on the time of the process t, or more

generally a set of individual-specific and/or time-varying explanatory variables z(t).

r s
qrs(t, z(t))

The transition intensity represents the instantaneous risk of moving from state r to state

s and is defined by the limit as δt tends to zero:

qrs(t, z(t)) = lim
δt→0

P (S(t+ δt) = s|S(t) = r)

δt

The intensities form a transition intensity matrix Q whose rows sum to zero, with diagonal

entries defined by:

qrr(t, z(t)) = −
∑
s ̸=r

qrs(t, z(t))

Typically multi-state models will be Markov, i.e. with the assumption is that future

evolution only depends on the current state i.e. qrs(t, z(t),Ft) = qrs(t, z(t)), where Ft is

the observation history of the process up to time t. For conciseness, hereon we denote the

implicitly time-varying transition intensity simply as qrs.

Let Q be the r× s matrix formed by the qrs, then the transition probability matrix, with

probability of moving between states in time t, P (t) is:

P (t) = exp(tQ) =

∞∑
n=0

tn

n!
Qn

and the sojourn time (mean time spent in a state) is:

E(Tr) = − 1

qrr
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Covariates

Covariates can be included in multi-state models through a proportional hazards model,

whereby the transition intensities qrs are replaced by qrs(zi) for a given set of m constant or

time-varying covariates zim:

qrs(zi) = q(0)rs exp

(
M∑

m=1

βmzim

)
where q

(0)
rs are the baseline hazards and exp(βm) is the hazard ratio for the mth covariate.

Censoring

Multi-state models are well-suited to investigating interval-censored ‘panel’ data, where ob-

servations represent PCR testing rather than the occurrence of infection (i.e. where sampling

times are non-informative). The time intervals of observation for the SIREN study are fixed

in advance (2-weekly intervals). A continuous-time model is appropriate in the context

of these data, allowing for changes of state (from susceptible to infected, and infected to

recovered) to occur at any point during the 2 week interval. This multi-state framework

additionally allows incomplete testing (i.e. gaps in an individual’s testing history) to be im-

plicitly accounted for, without the assumption that an individual remains uninfected despite

not testing.

For an individual with a PCR negative status at time L and PCR positive status at time

R, infection is assumed to occur at some time T ∈ [0,∞) during the time interval (L,R].

The infection time is interval-censored, T ∈ (L,R], and, if the time intervals are fixed in

advance, this interval censoring is independent of T [2]:

P (L < T ≤ R|L = l, R = r) = P (l < T < r)

Likelihood

For interval-censored panel data we have information on states (xi1, . . . , xini) at times (ti1, . . . , tini)

for person i which may take the values PCR negative (Susceptible) or PCR positive (In-

fected). As described by Kalbfleisch & Lawless [3], the likelihood contribution to the transi-

tion intensities qrs from person i is:

Li(qrs | xi) = p(xi1 | xi0)p(xi2 | xi1) . . . p(xini | xini−1)

where: p(xij | xij−1) = pxi,j−1,xi,j (ti,j−1, ti,j | qrs)

The full likelihood L(Q) is the product of the Li,j over all individuals and transitions.

An estimate of the transition intensity matrix Q is obtained by maximising this likelihood.

Piecewise-constant hazards

Risk of community transmission of COVID-19, as well as risk of within-hospital transmission

for healthcare workers, has varied throughout the study. The calendar time at which a SARS-

CoV-2 infection takes place must therefore be considered. A time-varying covariate z(t) for
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calendar month allowing for piecewise-constant hazards for each month are used to model

the changing risk of infection over the study period.

Model specification and implementation

Two multi-state models were used for this study:

The first was a two-state model where participants were grouped into susceptible (with

a negative PCR test) or infected (with a positive PCR test).

S I

q12

q21

Negative PCR test

(Susceptible)

Positive PCR test

(Infected)

The second model included symptom status information as an outcome, sub-dividing the

infected state into asymptomatic or symptomatic infection.

S

Ia

Is

q12
q13

q21

q31

Negative PCR test

(Susceptible) Positive PCR test

(Asymptomatic)

(Symptomatic)

The models were specified to include proportional hazards for selected covariates on each

transition and piecewise-constant hazards for the month covariate to capture the changing

risk of SARS-CoV-2 infection (Table S1).

The R package msm [4] was used to implement maximum-likelihood estimation for these

multi-state models.

1.2 Cox proportional hazards models

Overview

The Cox proportional hazards models is another common approach used to fit regression

models with survival outcomes.

Following the notation used previously we define a hazard (which may be time-dependent)

at time t as q(t), with a baseline hazard q(0)(t), then for a given set of m constant or time-

varying covariates zim:

q(t|zi) = q(0)(t) exp

(
M∑

m=1

βmzim

)
where exp(βm) is the hazard ratio for the mth covariate.
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Stratified Cox proportional hazards model

A key assumption of Cox models is that hazards are proportional. For covariates which

exhibit non-proportionality, covariate stratification may be used.

For the example of vaccination and age, an unstratified model would state:

q(t|z) = q(0)(t) exp(βagezage + βvaxzvax)

This implies that the trend in survival over time is the same for all age groups, and that

(hazard for age group 2)/(hazard for age group 1) is a constant. Stratification avoids needing

to make this assumption by allowing the baseline hazard to differ by different covariate levels,

fitting two (or more) separate equations with a common regression coefficient βvax:

qage=1(z) = q
(0)
age=1 exp(βvaxzvax)

qage=2(z) = q
(0)
age=2 exp(βvaxzvax)

Comparison of estimated hazards

Two MSMs were used for the main analysis: the two-state model where participants moved

between ‘susceptible’ (PCR-negative) and ‘infected’ (PCR-positive) states, and the three-

state model which incorporated symptom status in the ‘infected’ states. For comparison

purposes, a stratified Cox proportional hazards model was fitted to the same dataset. The

estimates of this simpler model (which didn’t consider recovery or interval censoring) were

able to be compared to the more complex models, as well as providing a historical comparison

to previous SIREN analyses which have used stratified Cox models only.

We used three models to generate our estimates: the Cox model (equivalent to a two-

state MSM without recovery or interval censoring), the two-state MSM with recovery, and

the three-state MSM with recovery. Each of the three models was run with four scenarios:

1. Not including time since previous infection as a covariate and using a binary indicator of

vaccination, to estimate overall vaccination effectiveness in a cohort with heterogeneous

time since previous infection.

2. Not including time since previous infection as a covariate and using a time-varying

indicator of vaccination, to estimate vaccine effectiveness by time since vaccination in

a cohort with heterogeneous time since previous infection.

3. Including time since previous infection and a binary indicator of vaccination, to esti-

mate protection associated with prior infection.

4. Including time since previous infection and an interaction effect between this variable

and vaccination, to estimate the marginal effectiveness of vaccination by time since

prior infection.

The list of models is shown in Table S2, and Figures S1-S4 compare the estimates from

the MSM and Cox proportional hazards models.
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For the main analysis we converted the hazard ratios (HR) estimated by the MSMs into

vaccine effectiveness (VE) and relative protection estimates using the formula: VE = 1 –

HR. Duration of positivity estimates were averaged over the study population to provide

comparable estimates.

The R package survival [5] was used to implement estimation for the stratified Cox

proportional hazards models. The Cox proportional hazards models included the covariates

specified previously, with stratification on the occupational setting, age group, and region

covariates. As with previous analyses of this cohort, we allowed for deferred study entry

and re-entry, with participants entering or re-entering the cohort 6 weeks after the date of a

positive PCR test. The Cox models were fitted both with and without a random effect on

the hospital trust (i.e. a frailty model) to control for trust-specific effects, with very minimal

effect on estimates [6].

1.3 Methodological discussion

Use of multi-state models

We estimated very similar hazard ratios from the MSMs and comparable Cox proportional

hazards models. The slightly wider confidence intervals from the MSMs may be a more

accurate reflection of the uncertainty in the estimates, given that they account for the interval

censoring/missed testing.

Using MSMs we could account for gaps due to missed testing and jointly estimate the time

spent in a positive state, as well as symptomatic vs asymptomatic infection. Such methods

are growing in popularity, with tutorials directed towards epidemiological research [7, 8, 9],

and are well-suited to studies involving interval-censored panel-style data, although we note

the MSMs took significantly longer to fit in our study (several hours compared to under a

minute for the Cox proportional hazards model) and required careful tuning of the optimizer

to converge to the maximum likelihood.

Stratification and piecewise-constant hazards over time were used to account for non-

proportionality, however, it is possible that the proportional hazards assumption may still

be unrealistic for the covariates we have studied, a common issue particularly in medical

studies. Stensrud and Hernán recommend that hazard ratios should be interpreted as a

weighted average of the true hazard ratios over the entire follow-up period [10].

Choice of baseline

For this study we elected to use ‘2+ years’ as the baseline group for the covariate time since

previous infection. Whilst a comparison to the immunological baseline (confirmed näıve)

would be desirable, in our study this is a very small group and using this baseline introduces

greater uncertainty to the estimates. Furthermore, the infection trends for the confirmed

näıve group indicate likely differences in risk behaviour, e.g. more shielding, making them

less representative of the larger cohort.

Whilst the pandemic has evolved, the SIREN study continues to provide relevant and

generalisable results. Most of our study population have now experienced a prior COVID-19
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infection, therefore selecting a group with a previous infection as a baseline seems appropri-

ate. We chose ‘2+ years’ due to size of this group, and based on previous analysis [11] it was

reasonable to assume this group was the least protected. Our analyses test whether a more

recent infection was indicative of better protection.

For completeness, we have re-run the estimates with the confirmed näıve group as a

baseline, and include these in Figures S10 and S11.

Causal interpretation of VE

Work to investigate VE under different counterfactual scenarios is underway to more fully

assess the causal effect of vaccination on reducing acquisition of SARS-CoV-2 infection in

this population [12].
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2 Supplementary figures

Figure S1: Comparison of hazards estimated by MSM model 1 and Cox model 1, for covari-

ates common between the two models. Error bars show the 95% confidence interval around

the estimated hazards, the size of the marker indicates the relative size of each subgroup.
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Figure S2: Comparison of hazards estimated by MSM model 2 and Cox model 2, for covari-

ates common between the two models. Error bars show the 95% confidence interval around

the estimated hazards, the size of the marker indicates the relative size of each subgroup.
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Figure S3: Comparison of hazards estimated by MSM model 3 and Cox model 3, for covari-

ates common between the two models. Error bars show the 95% confidence interval around

the estimated hazards, the size of the marker indicates the relative size of each subgroup.
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Figure S4: Comparison of hazards estimated by MSM model 4 and Cox model 4, for covari-

ates common between the two models. Error bars show the 95% confidence interval around

the estimated hazards, the size of the marker indicates the relative size of each subgroup.

11



Figure S5: Exposure (person-days at risk) and crude PCR positivity rate per 10,000 person-

days by month. Left-hand y-axis for exposure (bar chart), right-hand y-axis for crude PCR

positivity (points and error-bars). Error bars show the 95% confidence interval (estimated

using an exact Poisson method) around the estimated PCR positivity rate.

Figure S6: SARS-CoV-2 infections, by sequenced variant. Percentages indicate proportion

of sequenced variants. Sequence information was available for 43.4% (563/1,298) of detected

infections.
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Figure S7: Estimated booster vaccine effectiveness (VE), relative to waned third dose, by

time since previous infection. Error bars show the 95% confidence interval around the esti-

mated VE.

Figure S8: SARS-CoV-2 infections, by vaccination status, time since previous infection, and

presence of COVID-19 symptoms.
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Figure S9: Comparison of expected (estimated) and observed prevalence in the infected state

over time. Shaded area shows the 95% CI around the expected prevalence. The observed

prevalence is below the lower 95% CI of expected prevalence in weeks 12-16. This period

coincides with December and the new year period, when lower adherence to fortnightly

testing was observed. This difference may be a result of the model accounting for infections

that are unobserved due to the interval-censored nature of the data.
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Figure S10: Estimated booster vaccine effectiveness (VE), relative to waned third dose, by

booster vaccination status (panel A), time since booster vaccination (panel B), and estimated

protection from previous infection, relative to a baseline of confirmed näıve (panel C). Error

bars show the 95% confidence interval around the estimates.
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Figure S11: Estimated booster vaccine effectiveness (VE), relative to waned third dose by

symptom status and booster vaccination status (panel A), time since booster vaccination

(panel B), and estimated protection from previous infection, relative to a baseline of con-

firmed näıve (panel C). Error bars show the 95% confidence interval around the estimates.
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3 Supplementary tables

Table S1: List of covariates used for multi-state models, with time-dependence and transi-

tions used for each covariate.

Covariate Levels Time-dependent Transitions

Month
Sep, Oct, Nov,

Dec, Jan, Feb, Mar

Yes, piecewise-

constant hazards
Infection only

Vaccination

status

Third dose, Fourth dose

(0-2 months, 2-4 months,

4-6 months)

Yes
Infection and

recovery

Binary vaccination

status
Third dose, Fourth dose Yes

Infection and

recovery

Time since

previous infection

Confirmed näıve, 2+ years,

1-2 years, 6-12 months,

0-6 months

Yes
Infection and

recovery

Age group
<25, 25-34, 35-44,

45-54, 55-64, 65+
No

Infection and

recovery

Gender Male, Female No Infection only

Region
East Midlands,

East of England, . . .
No Infection only

Household

status

Lives alone,

Lives with others (no children),

Lives with children

No Infection only

Occupational

setting

Ambulance, ED,

Inpatient, Outpatient, . . .
No Infection only
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Table S2: List of multi-state and Cox proportional hazards models used to generate esti-

mates, with number of individuals, inclusion of symptom information, and list of covariates.

Individuals without prior infection history and without a negative antibody test were ex-

cluded from analyses exploring time since infection, this is indicated by a smaller number of

individuals for these models.

x: covariate included as main effect in regression, p: covariate included with piece-wise

constant hazards, s: covariate included with stratification.

Multi-state models
MSM

model 1

MSM

model 2

MSM

model 3

MSM

model 4

MSM

model 5

MSM

model 6

MSM

model 7

N (individuals in model) 9,560 9,560 7,549 7,549 9,560 9,560 7,549

Symptom data (Y/N) N N N N Y Y Y

Covariates

Month p p p p p p p

Binary vaccination status x x x x

Vaccination status x x

Time since infection x x x

Vaccination:time since

infection (interaction term)
x x x

Age group x x x x x x x

Gender x x x x x x x

Region x x x x x x x

Household status x x x x x x x

Occupation/Setting x x x x x x x

Cox proportional

hazards models

Cox

model 1

Cox

model 2

Cox

model 3

Cox

model 4

N (individuals in model) 9,560 9,560 7,549 7,549

Symptom data (Y/N) N N N N

Covariates

Month

Binary vaccination status x x

Vaccination status x

Time since infection x x

Vaccination:time since

infection (interaction term)
x x

Age group s s s s

Gender x x x x

Region x x x x

Household status s s s s

Occupation/Setting s s s s
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Table S6: Estimated time spent in PCR positive state, averaged across the study popula-

tion, and empirical median duration of PCR positivity by vaccination status and time since

previous infection.

Empirical median duration of PCR

positivity (initial PCR positive to

subsequent PCR negative)

[interquartile range]

Estimated days spent

in PCR positive

state (95% CI)

Whole population 15 days [12, 27] 7.51 days (6.94, 8.13)

Vaccination status

Waned third dose 15 days [13, 28] 8.50 days (6.79, 10.64)

Fourth dose 14 days [12, 26] 6.90 days (5.87, 8.11)

Time since previous infection

Confirmed naive 16 days [13, 28] 9.51 days (7.08, 12.78)

2+ years 14 days [12, 27] 9.16 days (7.16, 11.72)

1-2 years 14 days [12, 21] 7.44 days (5.86, 9,44)

6-12 months 14 days [12, 23] 6.56 days (5.63, 7.63)

0-6 months 16 days [14, 28] 7.25 days (6.32, 8.31)

COVID symptoms

COVID symptoms 15 days [13, 27] 8.09 days (7.36, 8.90)

Non-COVID symptoms or asymptomatic 14 days [12, 23] 4.70 days (4.04, 5.47)
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