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Part A Parameter table

The values of all parameters used in the model, both from calibration and in the Results presentation, are

shown in Table A.
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Table A. Parameter table.
component equation parameter value (range) meaning

OPV-equivalent an-
tibody titer

- NAb

(
1, 211

)
individual correlate of immunity

probability of
shedding duration

(S1)

µS 30.3 (23.6, 38.6) days Sabin median shedding duration (NAb = 1)

σS 1.86 (1.57, 2.27) days Sabin scale parameter

µWPV 43.0 (35.7, 51.7) days WPV median shedding duration (NAb = 1)

σWPV 1.69 (1.21, 1.94) days WPV scale parameter

δ 1.16 (1.13, 1.21) days median reduction per log2(NAb)

peak shedding vs
age

(S2)

Smax 6.7 (5.9, 7.5) CID50/g maximum stool concentration at age 7 months

Smin 4.3 (3.5, 5.0) CID50/g maximum stool concentration at older ages

τ 12 (1, 45) months decay time constant of peak concentration with age

peak shedding vs
immunity

(S3) k 0.056 (0.01, 0.079) shedding reduction with log2(NAb)

shedding
concentration vs
time

(S4)

η 1.65 (1.26, 2.09) location parameter

ν 0.17 (0.01, 0.78) scale parameter

ξ 0.32 (0.08, 0.71) time-dependent scale

dose response (S5)

α 0.44 (0.29, 0.83) shape parameter

γ 0.46 (0.42, 0.50) immunity-dependent shape parameter exponent

βS1 14 (3, 59) CID50 Sabin 1 scale parameter

βS2 8 (2, 30) CID50 Sabin 2 scale parameter

βS3 18 (5, 63) CID50 Sabin 3 scale parameter

βWPV 2.3 (0.3, 37) CID50 WPV scale parameter

waning immunity
against infection

(S6) λ 0.87 (0.73, 1.02) immunity decay exponenent

Houston Sabin
transmission

(S1–6 & 1–3)

NAb 1 pre-challenge immunity (all subjects)

dose 106 vaccine dose [CID50]

pS1 0.79 (0.70, 0.88) setting-specific mOPV1 modifier

pS2 0.92 (1.0, 0.85) setting-specific mOPV2 modifier

pS3 0.81 (0.71, 0.91) setting-specific mOPV3 modifier

Ai 12 months assumed age of index (index)

Ah 48 months assumed age of household member and close social contact

Tih 5 (1, 45)µg per day fecal-oral dose from index to household member under 5 years of age

Dih 1 per day interaction rate of index to household member pairs (assumed)

Ths 5 (1, 45)µg per day fecal-oral dose from household member to close social contact (assumed)

Dhs 9 (3, 46) per day interaction rate of household member to close social contact pairs

Louisiana WPV
(as in Houston
unless shown)

(S1–6 & 1–3)

pSx 1 setting-specific mOPVx modifier

NAb,sero(-) 1 pre-exposure immunity (index case and seronegative household members)

NAb,sero(+) 93 pre-exposure immunity (seropositive household members)

Tih,young 2.3 (1.3, 5.3)µg per day fecal-oral dose from index child to younger household member

Tih,adult 1.3 (0.8, 2)µg per day fecal-oral dose from index child to adult household member

UP & Bihar WPV
(as in Houston
unless shown)

(S1–6 & 1–3)

pSx 1 setting-specific mOPVx modifier

NAb,0–2 1 pre-exposure immunity (tOPV 0–2 doses)

NAb,6+ 512 pre-exposure immunity (tOPV 6+ doses)

Tih 230 (2, 18 000)µg per day fecal-oral dose from index to household member

Results (unless
varied in figure)

(S1–6 & 1–3)

pSx 1 setting-specific mOPVx modifier

Ai 12 months assumed age of index (index)

Ah 48 months assumed age of household members and close social contacts

Dih 1 per day interaction rate of index to household member pairs (assumed)

Dhs 9 (3, 46) per day interaction rate of household member to close social contact pairs (assumed)
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Part B Within-host model

Part B.1 Sources of data on shedding and oral susceptibility to infection

Almost all relevant studies on OPV shedding, acquisition, and transmission published prior to 2012 were

reviewed by Duintjer Tebbens et al [1]. Digitized data on shedding duration and concentration of poliovirus

in stool were taken from the Supplementary Material of Behrend et al [2], corrected where discrepancies were

noticed, and studies involving bOPV were added [3–5]. Dose response data were digitized from the cited

references [6–9]. The analyses are broadly inclusive of published data, but this paper does not represent a

systematic review with pre-specified exclusion criteria. Whole studies and trial arms were excluded if they

reported evidence of substantial unmeasured exposure to poliovirus prior to OPV challenge [10–16] or when

data across serotypes could not be disaggregated [17]. We included OPV challenge studies where subjects

experienced low levels of natural exposure to WPV or OPV during the study, provided published evidence

showed that most of the subjects were unaffected [7, 9, 18,19]. A summary of all included data describing

vaccination schedules, OPV challenge formulation or WPV exposure, ages, and shedding and dose reponse

data, and possible natural exposure is provided in Table S2 [3–9,18–31]. For a deeper discussion of data

quality from reviewed studies, see Duintjer Tebbens et al [1].
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Table B. OPV challenge studies included in analysis. Ages rounded to nearest month. “Live virus
exposure” indicates possible uncontrolled exposure to OPV or WPV during study. More detailed information
about the included and considered but excluded studies can be found in the digitized data tables available in
S1 Code and Data and at famulare.github.io/cessationStability/.
* IPV administered at same time as OPV; † IPV administered alone but after prior OPV.

RI
schedule

RI
schedule

challenge
age at
challenge

location
publication
date

live virus
exposure

shedding
duration

shedding
titer

dose
response

reference

seronegative
-

mOPV1
mOPV2

5 y Nether-
lands

1959 yes yes no no Verlinde1959 [20]

natural mOPV3 20 y

seronegative - mOPV1 13 m
UK 1961 no yes yes no Dick1961 [21]

IPVx2 - mOPV2 11 m

seronegative - mOPV2 12 m UK 1961 no no yes yes Dane1961 [32]

seronegative -
mOPV1
tOPV

2 y USA 1961 no yes no no Horstmann1961 [22]

unvaccinated -
mOPV1
bOPV

0 m USA 1962 no yes no no Holguin1962 [23]

unvaccinated -

mOPV1

6 m

UK 1966 yes yes yes yes Henry1966 [7]
tOPVx3 7,8,9 m 16 m

IPVx3 2,3,4 m 6 m

IPVx4 2,3,4,15 m 16 m

unvaccinated -
mOPV1
mOPV2
mOPV3

2 y Japan 1966 no yes no no Takatsu1966 [24]

unvaccinated -

mOPV1
mOPV2
mOPV3
tOPV

1 y USA 1967 no yes no no Benyesh-Melnick1967 [25]

unvaccinated - mOPV1 2 m UK 1981 no no no yes Minor1981 [8]

unvaccinated -
tOPV

0 or 2 m
China 1986 no yes no no Dong1986 [26]

tOPVx1 0 m 2 m

tOPVx3
2,4,18 m tOPV 2 y USA 1991 yes yes no yes Onorato1991 [9]

IPVx3

unvaccinated -
tOPV

2 m
Romania 1997 yes yes no no Ion-Nedelcu1997 [18]

IPVx2 2,3 m 4 m

unvaccinated -

tOPV

7 m

France 1997 no yes no no Mallet1997 [27]tOPVx1 7 m 8 m

tOPVx2 7,8 m 9 m

IPVx3 4,6,12 m mOPV3 18 m Finland 1999 no yes yes no Piirainen1999 [28]

seronegative
-

mOPV1
65 y

Nether-
lands

2005 yes yes no no Abbink2005 [29]
natural mOPV3

unvaccinated -

tOPV

2 m

USA 2005 yes yes no no Laassri2005 [19]tOPVx2 2,4 m 6 m

IPVx2 2,4 m 6 m

mOPV1x1
0 m mOPV1

1 m
Egypt 2008 no yes no no El-Sayed2008 [30]

tOPVx1 2 y

IPVx2
& tOPVx2

2*,4*,7 m
tOPV

10 m
Israel 2008 no yes no no Swartz2008 [31]

IPVx3
& tOPVx3

2*,4*,7,13*
m

16 m

tOPVxN
campaigns

mOPV1
1,5,10 y India 2014 yes no no yes Jafari2014 [3]

IPV boost mOPV3

IPVx1
& bOPVx2

2*,3,4 m

mOPV2 6 m Chile 2015 no yes yes no O’Ryan2015 [4]IPVx2
& bOPVx1

2*,3*,4 m

IPVx3 2*,3*,4* m

bOPVx3
& IPVx1

2,3,4* m

mOPV2

5 or 9 m

Latin
America

2016 no yes yes no Asturias2016 [5]
bOPVx3
& IPVx2

2,3,4*,8†

m
9 m

bOPVx3 2,3,4 m 5 m

tOPVx3 2,3,4 m 5 m
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Part B.2 Shedding duration after OPV challenge or WPV infection

We assumed a log-normal survival distribution for the shedding duration given infection:

P
(
shedding at t

∣∣NAb; infected at t = 0
)

=
1

2

(
1− erf

(
ln(t)− (ln(µ)− ln(δ) log2(NAb))√

2 ln(σ)

))
, (Eq A)

where NAb is the OPV-equivalent antibody titer at t = 0, µ is the median duration in days for

immunologically-naive individuals (NAb = 1), δ describes the decrease in median duration with increasing

immunity, and σ describes the shape of the distribution. The median durations and OPV-equivalent antibody

titers shown in Fig. 2 were estimated under this model. Figure A shows the model maximum likelihood

estimates (MLE) and 95% confidence intervals (CI) for the shedding duration distribution at low and high

OPV-equivalent antibody-titers. An earlier version of this model was published within the supplemental

software of Behrend et al [2] but was not described in that paper, and the model was used without derivation

in references [33,34]. Given the approximate aggregated survival distributions in Fig 1A, we estimated
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Fig A. Shedding duration probability for immunologically-naive and maximally-immune
individuals. Empirical shedding duration reverse-cumulative distributions, model maximum likelihood
estimate, and 95% confidence interval shown.

approximate maximum likelihood parameters of the shedding duration model using binomial maximum

likelihood (assuming independent samples). We used parametric bootstrap to estimate confidence intervals.

We estimated that the WPV shedding duration in immunologically-naive children was 43.0 (35.7, 51.7)

days from longitudinal surveillance studies of WPV incidence, significantly longer than our estimate for

shedding duration after OPV challenge, (30.3 (23.6, 38.6) days). To confirm that this estimate is not an

artifact of differences between OPV challenge and WPV surveillance study design, we examined alternative

data for the time from infection to paralysis and for shedding duration after the onset of paralysis. Casey et
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al measured that the mean time to paralysis from WPV infection is 17 days [35] and Grassly et al showed

that the mean shedding duration after paralysis from WPV infection in UP & Bihar is 31 days [36]. The

sum, 48 days, is consistent with our previous estimate.

Part B.3 Concentration of poliovirus in stool

For each trial arm that informed our concentration model [4–6,20,21,28,29], we estimated the

OPV-equivalent antibody titer from the shedding duration distributions of each trial arm as above. To model

the age-dependence of the concentration of poliovirus in stool, we fit an exponential model to the peak

shedding concentration:

log10

(
peak CID50/g

∣∣age;NAb = 1
)

=


Smax age < 6 months

(Smax − Smin) exp
(
7−age
τ

)
+ Smin age ≥ 6 months

(Eq B)

with maximum concentration Smax = 6.7 (5.9, 7.5), minumum concentration Smin = 4.3 (3.5, 5.0) CID50 per

gram, and time constant τ = 12 (1, 45) months. We modeled the effect of pre-challenge immunity on

concentration as:

log10

(
peak CID50/g

∣∣NAb; age
)

= (1− k log2(NAb)) log10

(
peak CID50/g

∣∣NAb = 1; age
)

(Eq C)

with k = 0.056 (0.01, 0.079). The poliovirus concentration timeseries peaks shortly after acquiring infection

and declines slowly thereafter. To model viral load over time, following refs. [2, 33], we fit a quasi-log-normal

shedding profile to the age-adjusted aggregated data for immunologically-naive individuals:

(
concentration(t)

∣∣NAb; age
)

= max

102.6,
(
peak CID50/g

∣∣NAb; age
)exp

(
η − ν2

2 −
(log(t)−η)2

2(ν+ξ log(t))2

)
t

(Eq D)

with η = 1.65 (1.26, 2.09), ν = 0.17 (0.01, 0.78), ξ = 0.32 (0.08, 0.71), and lower bound 102.6 CID50/g to

reflect the minimum reported detectable shedding.

Part B.4 Oral susceptibility to infection from OPV challenge

For each trial arm that informed our dose response model [4–9], we estimated the OPV-equivalent antibody

titer from the shedding duration distributions of each trial arm as above. In order to summarize data for all

doses and OPV-equivalent antibody titers, we fit a beta-Poisson dose response model for the fraction
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shedding after receiving an oral poliovirus dose. The beta-Poisson model is based on the assumptions that a

single infectious unit (measured in CID50–the amount of poliovirus required to induce a cytopathic effect in

50% of inoculated cell or tissue culture plates) is sufficient to start an infection, that multiple infectious units

contribute independently to the total probability of infection, and that the probability an infectious unit

survives from initial oral exposure to the site of infection is beta-distributed [37]. Since the model in Behrend

et al [2] fitted poorly at low doses and high immunity, we explored various parameterizations of the model

and found that a parsimonious description of all the OPV challenge data was provided by:

P
(
infection

∣∣dose, NAb

)
= 1−

(
1 +

dose

β

)−α(NAb)
−γ

, (Eq E)

where α and β are the standard beta-Poisson parameters, NAb the OPV-equivalent antibody titer, and γ

captures the reduction in shedding probability with increasing immunity.

We used the fitted dose response model to estimate the OPV-equivalent antibody titer after IPV boosting

on children with many prior doses of tOPV in India [3]. The maximum likelihood estimate of the

OPV-equivalent antibody titer was NAb = 3700 (1700, 7700) and not significantly different from the maximal

immunity produced by tOPVx3 prior to any waning [5] (NAb = 2048 (430, 9600)).

Part B.5 Waning immunity against infection

For each trial arm that informed our waning model [3,5,9,20,29], we estimated the OPV-equivalent antibody

titer from the shedding duration distributions of each trial arm as above.

The time interval between last immunization and mOPV challenge was either reported or estimated as

follows. For individuals from tOPVx3 vaccine trials, intervals between last immunization and mOPV

challenge ranged from 1 month [5] to 6 months [9]. To assess waning of tOPV-based immunity in older

children, one study in Uttar Pradesh compared mOPV vaccine take rates in children 1, 5, or 10 years of

age [3] who had previously recieved an unknown but high number of tOPV doses. To estimate the likely

interval between last immunization and challenge, we assumed that children are offered up to 5 doses in the

first year of life (3 RI plus 5 campaigns at 60% coverage), corresponding to roughly 2.5 months on average

between last vaccination and mOPV challenge at 1 year of age. We assumed campaigns delivered 3 doses per

year in ages two through four, corresponding to roughly 4 months between last vaccination and challenge at 5

years of age, and no doses after 5 years of age, corresponding to 5 years since last vaccination and challenge at

10 years of age. For this study, OPV-equivalent immunity was inferred via vaccine take rates using equation

(5). Data on adult shedding after natural immunity were taken from studies in the Netherlands. From the
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study by Verlinde et al [20] in 1959, the average seropositive subject in the study was 20 years of age, and we

assumed that their last infection was 5 years earlier at 15 years of age when maximum seropositivity was first

achieved in the population. From the study by Abbink et al [29] from 2005 that measured shedding in elderly

individuals upon mOPV challenge, we assumed last exposure was 45 years earlier in 1960, at roughly the year

in which widespread endemic transmission ceased in the Netherlands. We included data for both seropositive

and seronegative adults from the Abbink et al study because seronegative adults showed evidence of memory

immunity and reduced shedding durations in comparison to immunologically-naive children.

We fit a power law waning model [38] to the OPV-equivalent antibody titers,

NAb(t) = max
(
1, NAb,1t

−λ) , (Eq F)

where t is measured in months between last immunization and oral challenge, NAb,1 is the baseline immunity

one month post-immunization, and the exponent is λ = 0.87 (0.73, 1.02).

Part C Transmission model

Part C.1 Houston 1960

No breakdown by age was presented by Benyesh-Melnick et al [25] for the extrafamilial contacts of the

siblings. However, because the contacts are demographically similar to the siblings and age is a significant

factor for poliovirus acquisition via transmission in this setting, we used age-adjusted shedding rates in this

paper. To estimate the shedding fraction in the age under 5 contact cohort, we adjusted the total reported

shedding counts for each serotype as follows:

(estimated contacts shedding under 5) = (total contacts shedding)× (fraction siblings shedding under 5)

(estimated contacts under 5) = (total contacts)× (fraction siblings under 5) .

The estimated counts were rounded to the nearest integer and confidence intervals presented are based on

the rounded estimated counts.

Figure B shows more information about the age-dependence of shedding after mOPV challenge. Older

index children shed slightly less after mOPV challenge than younger children for types 2 and 3 (type 1

p = 0.105; type 2 p = 0.016; type 3 p = 0.025; two-tailed Fisher’s exact test). This observation was not

explored in the original paper, and we propose two possible explanations. As described in Table 1 of
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Benyesh-Melnick et al [25], older index children were more likely to have received at least one dose of IPV.

However, it should be noted that the original authors reported that they found no significant differences

between IPV and unvaccinated index subjects, as is compatible with our metastudy. A second possibility is

that stool concentrations of poliovirus are higher in young index cases, and so stool culture may be more

sensitive to shedding in younger children (eq. (Eq B)). In the household member cohorts, there were no
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Fig B. Fraction shedding by cohort and age range as originally reported. Observed fraction
shedding and estimated 95% binomial confidence interval for each serotype, subject type, and reported age
cohort.

statistically significant differences in shedding among the age groups under 12 months, 12 to 23 months, 24

to 35 months, or 36 to 59 months for any serotype. However, there was significantly less shedding in the 60

to 107 month age group relative to the 36 to 59 age group (p < 0.001 for all serotypes). As stated in the

main text, shedding in siblings age 60 to 107 months (5 to 9 years) is significantly below that of ages less

than 5 years for all serotypes (type 1 p < 0.001; type 2 p < 0.001; type 3 p = 0.002). Shedding rates were

very low in parents and children age 10 years and older (< 2%) [25], and so it is likely the transmission was

direct from index child to sibling and was not mediated by infected caretakers. Shedding due to

transmission-acquired type 2 was significantly more common than for types 1 and 3, and shedding due to

transmission was similar for types 1 and 3 (mean prevalence: type 1 vs type 2 p = 0.002; type 1 vs type 3

p = 0.33). Primary extrafamilial contacts of siblings exhibited a similar pattern of increased type 2 shedding
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and comparable type 1 and 3 shedding (type 1 vs type 2 p < 0.001; type 1 vs type 3 p = 0.73). Although the

authors did not describe the relationships between siblings and extrafamilial contacts in detail, it is likely

that the contacts were close friends of the siblings and were directly infected by the siblings, as the authors

also describe a smaller set of more socially-distant “secondary extrafamilial contacts” who “were drawn from

the neighborhoods or schools attended by the siblings” and who were infected at lower rates than the

primary contacts [25].

Little information about shedding in secondary contacts was provided, except to note that, summed

across all trial arms, 15 of 280 secondary contacts were positive for Sabin 2 and the highest incidence rate

was 13% in the secondary extra-familial contacts of tOPV recipients. Assuming the number of secondary

contacts is proportional to the number of primary contacts for each trial arm, n = 10 of the type 2 positives

were in secondary contacts of tOPV recipients (13% of trial arm total) and n = 5 were in secondary contacts

of mOPV2 recipients (8.5% of trial arm total).

Part C.2 Louisiana 1953–1955

We calibrated model incidence to the seroconversion data reported in Gelfand et al [39]. Stool collection data

was also available, but it reported lower levels of incidence. This was likely due to missing infections: the

average interval between samples was 27 days while the average shedding duration in seropositive subjects

with median NAb = 93 is only 16 days under our model. We assumed 100% incidence of

immunologically-naive index children after WPV exposure, based on the study design that reported

household member incidence conditional on detection of the child’s first natural infection with poliovirus.

Part C.3 Uttar Pradesh and Bihar 2003–2008

We calibrated our model to the estimates of mean stool prevalence after the onset of paralysis in close

contacts of WPV cases reported by Grassly et al [36]. We assumed that the contact data best corresponded

to household members in our model. Quote:

During identification of healthy contacts, an effort was made to include those children with the

closest contact to the individual with suspected poliomyelitis, such as siblings, playmates, or

residents of the same household. [36]
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To shift our model from prevalence after infection to prevalence after paralysis, we convolved our prevalence

timeseries with the time-to-paralysis distribution:

Pfamily

(
shedding at t

∣∣index paralysis at t = 0
)

=

∫ t

0

dt′Pfamily(shedding at t′) pparalysis(t− t′) , (Eq G)

where pparalysis(t) was given by the histogram in Figure 2 of Casey et al [35]; the mean time from infection to

the onset of paralysis was 17 days. The model was calibrated against the mean of eq. (Eq G) over the first 90

days after index child paralysis.

Part C.4 Model fit

Figure C is an extension of Figure 6 that shows maximum likelihood estimates of the fraction shedding

(prevalence) and cumulative incidence in our model for the three calibration targets. For parameters, see

Table A.
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(direct personal) contacts shedding after index child paralysis (model prevalence and calibration target (mean
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seroresponse to infection to within-host heterogeneity in antibody production. Epidemics.

2016;16:33–39. doi:10.1016/j.epidem.2016.04.001.

16/17



39. Gelfand HM, Leblanc DR, Fox JP, Conwell DP. Studies on the development of natural immunity to

poliomyelitis in Louisiana. II. Description and Analysis of Episodes of infection observed in study

group households. American Journal of Hygeine. 1957;65:367–385.

17/17


	Parameter table
	Within-host model
	Sources of data on shedding and oral susceptibility to infection
	Shedding duration after OPV challenge or WPV infection
	Concentration of poliovirus in stool
	Oral susceptibility to infection from OPV challenge
	Waning immunity against infection

	Transmission model
	Houston 1960
	Louisiana 1953–1955
	Uttar Pradesh and Bihar 2003–2008
	Model fit


