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Abstract

The 13-valent pneumococcal conjugate vaccine (PCV) has been part of routine immunisation
in a 2 + 1 schedule (two primary infant doses and one booster during the second year of life)
in the UK since 2010. Recently, the UK’s Joint Committee on Vaccination and Immunisation
recommended changing to a 1 + 1 schedule while conceding that this will increase disease
burden; however, uncertainty remains on how much pneumococcal burden – including inva-
sive pneumococcal disease (IPD) and non-invasive disease – will increase. We built a dynamic
transmission model to investigate this question. The model predicted that a 1 + 1 schedule
would incur 8777–27 807 additional cases of disease and 241–743 more deaths over 5
years. Serotype 19A caused 55–71% of incremental IPD cases. Scenario analyses showed
that booster dose adherence, effectiveness against carriage and waning in a 1 + 1 schedule
had the most influence on resurgence of disease. Based on the model assumptions, switching
to a 1 + 1 schedule will substantially increase disease burden. The results likely are conserva-
tive since they are based on relatively low vaccine-type pneumococcal transmission, a para-
digm that has been called into question by data demonstrating an increase of IPD due to
several vaccine serotypes during the last surveillance year available.

Introduction

Pneumococcal disease is a major cause of morbidity and mortality in children and adults.
Streptococcus pneumoniae (S. pneumoniae) can cause invasive and non-invasive infections.
While invasive pneumococcal disease (IPD) typically results in the most severe outcomes,
including long-term sequelae or death, non-invasive infections constitute a majority of
pneumococcal disease cases and therefore lead to significant health care burden in terms of
hospital admissions, primary physician appointments and antibiotic prescriptions [1–4].

Pneumococcal disease has been prevented with pneumococcal conjugate vaccines (PCVs)
in the UK since 2006 when the seven-valent PCV (PCV7; Wyeth) was introduced into the
infant vaccination programme. In 2010, the 13-valent vaccine (PCV13; Pfizer Inc.) replaced
PCV7. While PCV7 was initially licensed as a four-dose vaccine schedule, both vaccines
were used in the UK immunisation programme in a three-dose schedule with administration
at 2, 4 and 12 months of age. Both the 3 + 1 and 2 + 1 schedules (two and three primary infant
doses, respectively, and one booster during the second year of life) have been shown to prevent
acquisition of nasopharyngeal carriage, and therefore to reduce transmission, which is neces-
sary to elicit the powerful indirect effect of PCVs [5, 6]. This combination of direct and indir-
ect protection has resulted in reduced pneumococcal disease following national programme
implementation, in the UK and in other countries among vaccinated and unvaccinated per-
sons, including IPD [7, 8], otitis media in children [9] and vaccine-type community-acquired
pneumonia (CAP) in adults [10].

Recently, the UK’s Joint Committee on Vaccination and Immunization (JCVI) has advised
the removal of an additional priming dose, leaving a single priming dose moved to 3 months
of age followed by a booster at 12 months [11]. Arguments supporting this change include the
potential to reduce injection burden in a crowded infant vaccine schedule [11, 12]. To support
this change, a study found that immune responses following the booster dose in a 1 + 1 and a
2 + 1 PCV13 schedule were similar with regards to immunogenicity after the booster dose for
nine of the 13 vaccine serotypes, with four vaccine serotypes having lower immunogenicity in
the 1 + 1 schedule compared with the 2 + 1 schedule [13]. However, delaying the first and only
priming dose from month 2 to 3 increases infants’ vulnerability to pneumococcal disease dur-
ing the highest risk period. Furthermore, data from the same study showed a single priming
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dose elicited significantly inferior antibody responses for 12 of the
13 serotypes when compared with infants who received two prim-
ing doses as assessed at 5 months of age [13].

The success of the 1 + 1 schedule depends on two assump-
tions: (1) that vaccine-type carriage and subsequent transmission
exist at low levels and (2) that they will remain low or decrease
further under the influence of the reduced schedule. If either of
these assumptions does not hold true, the proposed schedule is
likely to lead to increased disease attributable to both direct and
indirect effects. The scale of this increase depends on several fac-
tors including decreased vaccine effectiveness against carriage
acquisition, increased likelihood of transmission during carriage,
increased cumulative exposure, decreased duration of protection
and immunisation coverage [12].

The most recent surveillance data from the UK demonstrate
increases in IPD due to several vaccine serotypes, suggesting
ongoing transmission [7]. For example, data from the UK national
surveillance programme indicate vaccine-type disease persists in a
sizeable portion of IPD in age groups that have not been directly
vaccinated, and for some vaccine-type serotypes, IPD incidence
has increased over the past several years [7, 11, 14]. The reasons
for this remain unknown and may reflect decreased vaccine effect-
iveness against carriage acquisition for some serotypes or the
existence of important sources of transmission outside the toddler
age group. Regardless, these data indicate that vaccine-type sero-
types continue to circulate in the population, exposing infants to
vaccine-type pneumococci carriage acquisition, and underscoring
the potential risks of a single PCV13 priming dose. This is likely
to lead to increased pneumococcal transmission, including non-
vaccinated age groups, such as adults over the age of 65 years
or those with chronic medical conditions.

The public health impact of the proposed change from a 2 + 1
to a 1 + 1 PCV dosing schedule is uncertain. This analysis models
the potential population health impact of moving from a 2 + 1 to
a 1 + 1 PCV13 dosing schedule in the UK to help reduce this
uncertainty and inform decision-makers. In the following sec-
tions, we describe the mathematical model developed and present
results, including an array of scenario analyses around key uncer-
tainties, comparing the current 2 + 1 PCV13 schedule vs. the pro-
posed 1 + 1 schedule.

Methods

We developed a two-part model to estimate the population-level
effect of moving to a 1 + 1 schedule in the UK: the first part esti-
mated IPD incidence, and the second part estimated non-invasive
disease incidence given the IPD incidence. The approach for each
model component is outlined below.

IPD model structure

We built a deterministic compartmental model to estimate IPD
incidence considering each vaccination programme (Fig. 1).
Individuals flow through ‘susceptible’ vaccination compartments
based on vaccination history: no vaccination (NV), received one
primary dose (V1), received two primary doses (only applicable
to the 2 + 1 schedule) (V2) and received the booster dose (V3).
Infants enter the model in the NV compartment completely sus-
ceptible to carriage and IPD. They receive the first primary dose
before the age of one year, with a probability based on the vaccine
schedule, the individual’s age (age groups seen in Table 1) and
vaccine schedule adherence [15]. Those who receive the first

vaccine dose may subsequently receive the second priming dose
(2 + 1 arm only) or remain in the first vaccine compartment. At
12 months, infants (regardless of priming dose history) may
receive the booster dose (V3).

From any susceptible compartment, individuals may become
pneumococcal carriers (C). Upon acquiring a serotype, a propor-
tion of carriers are assumed to immediately experience IPD and
are treated appropriately (thus do not spread disease). Disease
transmission is therefore driven by carriage prevalence. Carriers
not experiencing IPD are assumed to clear the serotype after a
given duration and return to the corresponding susceptible com-
partment [16].

We consider five serotype groups: serotype 19A, serotype 3, the
remaining PCV13 serotypes (1, 5, 7F and 6A) not covered by
PCV7, PCV7-covered serotypes and non-covered serotypes.
These groups were chosen because of the invasiveness of serotypes
19A and 3 and their continued circulation [7, 11, 13, 14], and to
allow the model to appropriately fit to PCV7-era data. To account
for competition among serotypes, we assume individuals may
carry only one serotype at any time.

IPD model inputs

IPD model inputs are presented in Table 1. Details on parameter
estimate calculations are presented in the Supplementary Material
available on the Cambridge Core website.

Fig. 1. Overview of model. C, carriage; I, invasive pneumococcal disease; NV, no vac-
cine; V1, received one primary dose; V2, received two primary doses (only applicable
to the 2 + 1 schedule); V3, received the booster dose. Compartments relevant to vac-
cine doses (both carriage and susceptible) are further stratified into ‘no immunity’
and ‘partial immunity’ induced by vaccine effectiveness, age group and serotype
group. Orange arrows indicate 2 + 1 schedule dynamics and blue arrows indicate
1 + 1 schedule dynamics. Grey arrows are applicable to the dynamics of both vaccine
schedules.
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We estimated vaccine effectiveness parameters using two
recent UK-specific studies estimating serotype-specific vaccine
effectiveness by priming and booster dose [17, 18]. We calculated
vaccine effectiveness against IPD as:

VEOI = 1− 1− VEc( ) 1− VEi( ),

where VEOI = vaccine effectiveness against IPD, VEc = vaccine
effectiveness against carriage and VEi = vaccine effectiveness
against IPD given carriage acquisition [17, 18]. In the base case
model, we assumed that the effectiveness of the first priming
dose and of the booster dose are equal in the 1 + 1 and 2 + 1 sche-
dules. Therefore, the only difference in the 1 + 1 schedule is the

delayed receipt of the first priming dose and the lack of a second
priming dose.

The probability of carriage acquisition given contact with a
carrier for a susceptible person is calibrated and depends upon
immunity level, vaccine experience and a contact mixing matrix.
Details on these parameters can be seen in the Supplementary
Material.

The probability of incurring IPD given carriage and duration
of carriage by serotype was obtained from a UK-specific
study that estimated serotype-specific attack rates and invasive-
ness [19].

Finally, birth rates (births per 100 000) were obtained from the
World Bank [20]. All-cause mortality was obtained from the

Table 1. Epidemiological parameters

Parameter Value Source

Vaccine adherence

First primary dose 96.7% [15]

Second primary dose 96.7%

Booster dose 96.7%

Probability of IPD given carriage acquisition

Serotype 19A 20 per 100 000 acquisitions [19]

Serotype 3 9 per 100 000 acquisitions

Serotypes 1, 5, 7F and 6A 22 per 100 000 acquisitions

PCV7-covered serotypes 28 per 100 000 acquisitions

Non-covered serotypes 2 per 100 000 acquisitions Calibrated

Duration of carriage among carriers

Serotype 19A 12.6 weeks [19]

Serotype 3 6.2 weeks

Serotypes 1, 5, 7F and 6A 7.4 weeks

PCV7-covered serotypes 14.2 weeks

Non-covered serotypes 6.2 weeks Calibrated

Duration of immunity (PCV7 and PCV13)

First primary dose 5.6 years Calibrated

Second primary dose 11.3 years Calibrated

Booster dose 11.3 years Calibrated

PCV effectiveness against IPD (first priming dose, second priming dose, booster dose)

Serotype 19A 53%, 75%, 74% [17, 18]

Serotype 3 16%, 34%, 33%

Serotypes 1, 5, 7F and 6A 85%, 94%, 93%

PCV7-covered serotypes 56%, 79%, 93%

Non-covered serotypes 0%, 0%, 0% Assumed

PCV effectiveness against carriage (first priming dose, second priming dose, booster dose)

Serotype 19A 16%, 44%, 49% [17, 18]

Serotype 3 2%, 3%, 18%

Serotypes 1, 5, 7F and 6A 53%, 54%, 69%

PCV7-covered serotypes 15%, 79%, 93%

Non-covered serotypes 0%, 0%, 0% Assumed

CAP, community-acquired pneumonia; IPD, invasive pneumococcal disease; N/A, not applicable; PCV, pneumococcal conjugate vaccine; PCV7, seven-valent PCV; PCV13, 13-valent PCV.
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Office of National Statistics [21]. Case fatality ratios were obtained
from a previous economic analysis [3].

Calibration

Due to limited availability of data, we calibrated many model par-
ameter estimates. Specifically, we estimated these unknown input
parameters such that the model approximated historical IPD sur-
veillance data as closely as possible [7, 8]. We then use the cali-
brated parameter estimates to forecast future disease incidence.
Details of the calibration procedure and fit are presented in the
Supplementary Material.

Non-invasive disease model inputs

To address the impact of nasopharyngeal carriage on non-
invasive disease, we applied a previously described multiplier
approach [22–24]. Specifically, we assumed a constant propor-
tional change in pneumococcal CAP and otitis media incidence
relative to IPD incidence. We used data from the Health
Improvement Network (THIN) for mild otitis media [25] and
Hospital Episode Statistics (HES) for moderate/severe otitis
media [26]. For CAP, we considered only adjusted hospitalised
pneumonia incidence [26, 27]. We assume 39.8% of overall
CAP and otitis media is caused by S. pneumoniae [28]. Age-
specific multipliers for pneumococcal CAP and otitis media are
then estimated as the ratio of pneumococcal CAP and otitis
media to IPD in the most recent year of historical data
(Supplementary Table S1). We then estimated that the cases of
pneumococcal otitis media and CAP by multiplying forecasted
age-specific IPD incidence by the age-specific multiplier.

Scenario analysis

Considering the uncertainty around the expected impact of 1 + 1
dosing, we conducted an extensive set of scenario analyses varying
the vaccine effectiveness, waning and adherence of both the pri-
mary and booster doses in the 1 + 1 schedule:

• Booster dose adherence was assumed to be 20% less relative to
2 + 1.

• VEc was assumed to be 50% less relative to booster dose in 2 + 1.
• Booster dose vaccine effectiveness for IPD (VEOI) was assumed
to be 50% less relative to the booster dose in 2 + 1.

• Waning of booster dose was assumed to be up to 10 times faster
than in 2 + 1.

• VEc for the first priming dose was set to zero.
• Waning for the first priming dose was assumed to be two times
faster.

Additionally, we considered ‘low-uptake’ scenarios to estimate
the potential impact of low adherence:

• Adherence (all doses) = 87%.
• Adherence (all doses) = 77%.

Results

The calibration procedure provided a good fit to historical data
(Fig. 2). Figures stratified by serotype and all age groups can be
found in the Supplementary Material.

Over a 5-year period from 2018 onwards, the model estimated
23 638 cases of IPD across all age groups for a 2 + 1 schedule. In
the base-case analysis, we estimate reducing to a 1 + 1 schedule
would result in an additional 88 cases of IPD over 5 years
(Table 2). In 10 years, this difference would be 194 cases (data
not shown). The largest net increase occurred in ages 65+ years
(27 IPD cases), and the largest proportional increase was in
ages <1 year (18 IPD cases, 4.0%). In 5 years, vaccine-type IPD
cases contributed 104 cases to the net increase in the number of
IPD cases (2.4% increase), offset by a decrease in non-vaccine-
type disease due to serotype competition. Serotype 19A accounted
for the largest increase in IPD (71.4% of incremental cases), with
18 more cases in ages 65+ years and 11 more cases in ages <2
years.

In one-way scenario analyses, the cumulative incremental cases
of IPD in a 1 + 1 schedule ranged from 88 to 238 over 5 years for
all age groups (Table 3; Fig. 3). Incremental IPD cases ranged
from 18 to 24 (4.0–5.3%) for ages <1 year, from 2 to 21 (0.4–
5.1%) for ages 1 to <2 years, from 41 to 120 (0.3–1.0%) for ages
2–64 years and from 27 to 74 (0.2–0.7%) for ages 65+ years.
Setting vaccine effectiveness against carriage for the 1 + 1 booster
dose to 50% less than that of 2 + 1 resulted in the largest increase
in IPD cases for ages <1 and 65+ years. The largest increases in
IPD cases were seen in scenarios adjusting booster dose para-
meters. Two-way scenario analyses around the booster dose
adherence and the effectiveness against carriage suggest that the
increase in cases of IPD is magnified as both parameters are var-
ied (Table 3, Fig. 4).

Reducing the priming dose effectiveness against carriage, to
reflect the reduced immune response of the priming dose in the
1 + 1 study [13], increased the incremental difference in cases of
IPD over 5 years from 88 in the base case to 127 (Table 3).

In addition to IPD, we estimate that a 1 + 1 schedule would
result in 1951 and 6738 additional cases of CAP and otitis
media, respectively, under base-case assumptions (Table 2).
In scenario analyses, we find the 1 + 1 schedule could lead to
27 569 additional non-invasive cases (Table 3; Figs 3b and 3c).
Switching to 1 + 1 was also expected to increase mortality over
5 years, with an estimated increase of 241–743 more deaths
(Table 2; Table 3).

Discussion

Using a dynamic transmission model framework, we estimated
the potential impact of a change of the current 2 + 1 infant
PCV programme to a 1 + 1 schedule in the UK. The model esti-
mated that eliminating a priming dose could lead to an additional
88–238 cases of IPD over 5 years, with continued increases out
to at least 10 years. The largest net increase in cases occurred in
adults over 65 years, with the largest proportional increase
(4.0–5.3%) occurring in infants <1 year. In scenario analyses,
altering the effectiveness against carriage of the booster or prim-
ing dose for 1 + 1 yielded larger increases in IPD incidence, pre-
dominately in older age groups. The predicted increase in CAP
and otitis media was more substantial (8689–27 569 cases) than
that seen for IPD. Thus, the individual and health care system
impact of an increase in mucosal disease could be quite substan-
tial, considering the increasing elderly population within the UK.
In addition, due to the increased case fatality rate of CAP in older
individuals [29], CAP made a significant contribution to the
increase in deaths associated with the 1 + 1 schedule (224–693).
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Minimizing the negative impact of a policy shift to a 1 + 1
schedule requires that several criteria be met, all three of which
remain uncertain given current evidence. First, vaccine-serotype
carriage levels must be reduced such that the removal of a priming
dose will not leave those under the age of 12 months exposed to
and at risk of acquiring a vaccine serotype. While UK vaccine-
type carriage levels may have decreased in the youngest age
groups in recent years due to vaccine pressure, persistence of inva-
sive vaccine-type disease and increases in recent years of certain
vaccine serotypes [7] suggest that carriage levels remain sufficient
in some unappreciated reservoir. Therefore, a schedule change
could result in more cases than our model estimated in both
infants and unvaccinated age groups.

Second, removing a priming dose would provide sufficient
protection only if adherence to the full schedule were high. In
some countries, booster dose adherence is too low to sufficiently
disrupt population transmission dynamics. In such cases, removal
of a priming dose may further increase circulation of vaccine-type
carriage and therefore increase disease risk. Similarly, population
segments may have suboptimal vaccine adherence, creating a risk
of relatively larger increases in disease compared with areas of
high uptake. This is a potentially significant issue in areas such
as London with large populations (8.7 million) and relatively
lower vaccine uptake (84.5%, range 65.6–93.8%, PCV booster at
24 months) [15].

Finally, the impact of a reduced priming schedule on the vac-
cine effectiveness against carriage is of paramount concern when
switching to a 1 + 1 schedule [12]. In a 1 + 1 schedule, booster

Fig. 2. Historical invasive pneumococcal disease incidence per 100 000: calibrated model compared with surveillance data for 0 to <2 year olds. PCV7, seven-valent
pneumococcal conjugate vaccine.

Table 2. Base-case results over a 5-year horizon

Parameter
2 + 1

Schedule
1 + 1

Schedule
Incremental cases (1 +
1 minus 2 + 1 schedule)

Outcomes

Total cases 1 605 397 1 614 173 8777

IPD

<1 year old 446 464 18

1 to <2 years old 405 407 2

2–4 years old 268 270 2

5–17 years old 949 953 4

18–34 years old 2480 2489 10

35–49 years old 3258 3270 12

50–64 years old 4816 4830 14

>64 years old 11 014 11 041 27

All ages 23 638 23 725 88

Otitis media 928 270 935 008 6738

CAP 653 489 655 440 1951

Deaths

IPD 5857 5873 17

Hospitalised
pneumonia

86 522 86 746 224

CAP, community-acquired pneumonia; IPD, invasive pneumococcal disease.
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dose protection against carriage and the duration of its protection
are uncertain, and the recently completed immunogenicity study
does not provide insight into this question [13]. Similarly, the
impact of the reduced immune response of the single priming
dose on carriage is uncertain. Our analysis found that these para-
meters have a significant impact on disease and mortality in older
age groups. Thus, we may be underestimating the impact of redu-
cing the number of doses from 2 + 1 to 1 + 1 if our conservative
assumptions on booster and priming dose efficacy are incorrect.
In addition, our model did not consider importation of additional
carriage, which may further understate the potential impact of
any change [30].

Our mathematical model used a compartmental model design
that is common in this disease area [31–33]. Previous studies have
either restricted the age groups considered [34] or the number of
serotype groups considered [33]. However, by modelling several
age and serotype groups, we have been able to model the impact
on carriage acquisition and disease at an increased level of refine-
ment. We also accounted for the historical effects of switching
from PCV7 to PCV13 and considered both IPD and carriage sep-
arately, unlike previous analyses [35]. This was done to align with
observed UK IPD incidence, rather than solely fitting the model
to carriage data and potentially over- or underestimating rates
of disease. This is important given that recent shifts in IPD inci-
dence may not be easily predicted, given historic data on circulat-
ing carriage available in the UK. Additionally, we considered
vaccine characteristics (peak vaccine effectiveness, waning rate,
etc.) separately for each vaccine dose, unlike previous studies
[33, 34].

PCV use has demonstrated effectiveness in 3 + 1, 2 + 1 and
3 + 0 schedules worldwide. However, while a recent study demon-
strated a non-inferior immune response following the booster
dose for nine of 13 serotypes in a 1 + 1 schedule [13], no real-
world evidence exists on its effectiveness against carriage and dis-
ease and the relative contribution of the priming dose on these

outcomes. The recently conducted immunogenicity study showed
that a single PCV dose at age 2–3 months is poorly immunogenic
(significantly lower than two doses for 12 of 13 serotypes) and
likely minimally protective. For eight serotypes, <50% of children
had geometric mean concentration (GMC) ⩾0.35 µg/mL at age 5
months (the established correlate of protection) [13]. This indi-
cates that a 1 + 1 schedule increases the vulnerability of infants
to vaccine-type IPD, pneumonia and otitis media at an age
when disease risk is highest. The authors argue that a single
dose of vaccine given during the first year of life provides protec-
tion consistent with the previous case–control studies in the UK
[18] and the USA [36]. However, in neither case do the study
designs address the potential diminished protection of infants
vaccinated at 3 months and followed to 12 months.

While there is a significant uncertainty around the success of a
1 + 1 programme to prevent IPD, the uncertainty around the
increase in non-invasive disease and associated mortality is even
greater, as the burden of these diseases is underestimated [37].
Furthermore, it has been postulated that by preventing early-onset
otitis media cases caused by vaccine-type serotypes contained
within PCVs, more complex downstream cases such as those
caused by other S. pneumonia serotypes and other pathogens
(e.g. non-typeable Haemophilus influenza) can be averted due
to maintenance of the biofilm in the inner ear [38, 39]. By remov-
ing a dose of PCV in early life, there could be a cascade effect
causing a much greater burden of more complex and severe otitis
media cases for infants and toddlers in the UK.

Our analysis also suggests that serotype 19A may be a signifi-
cant contributor to any increase in disease, accounting for 71% of
the increase in disease in the base case. Serotype 19A has been
shown to be a highly invasive serotype and often resistant to anti-
biotics [40]. As a result, a large increase in mucosal diseases such
as otitis media is highly likely to result in more antibiotic pre-
scriptions and therefore an increase in antimicrobial resistance.
While it was not possible to quantify, it is an important

Table 3. Scenario analysis results: incremental cases over 5 years

Scenario

Incremental cases with 1 + 1 compared with 2 + 1

IPD
CAP

Otitis
media Deaths

All
ages

<1
Year

1 to <2
Years

2 to <65
Years

65+
Years

All
ages All ages

All
ages

Base case 88 18 2 41 27 1951 6738 241

Booster dose adherence 20% less relative to 2 + 1 131 19 5 63 43 3026 9599 380

Booster dose VEc 50% less relative to 2 + 1 225 24 12 112 77 5330 15 954 677

Booster dose VEOI 50% less relative to 2 + 1 171 21 12 82 55 3910 13 193 488

Waning of booster dose 10 times faster than in 2 + 1 239 24 21 120 74 5429 22 140 658

Booster dose VEc 50% less and adherence 20% less
relative to 2 + 1

247 24 15 123 85 5849 17 492 743

VEc for first priming dose is 0% 126 19 5 60 42 2933 8711 372

Waning of first priming dose two times faster than in
2 + 1

98 21 2 45 30 2156 7677 265

87% adherence to all doses (low-uptake setting) 105 20 3 49 32 2332 8418 286

77% adherence to all doses (low-uptake setting) 128 23 6 60 39 2827 10 631 345

CAP, community-acquired pneumonia; IPD, invasive pneumococcal disease; VE, vaccine effectiveness.
Results presented are the incremental outcomes of a 1 + 1 schedule compared with a 2 + 1 schedule.
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consequence of increased disease that should be taken into
account given the drive within the UK and globally to reduce
the number of antibiotic prescriptions and avoid increases in anti-
microbial resistance [41].

Our approach is subject to several limitations, both com-
putational and data specific. The most important is the uncer-
tainty around booster and priming dose effectiveness between a
1 + 1 and 2 + 1 schedule. While preliminary results of the

Fig. 3. Scenario analysis: incremental cases of pneumococcal disease at 5 years when varying 1 + 1 booster dose parameter assumptions relative to 2 + 1. Data
labels reflect how 1 + 1 booster dose parameters change relative to 2 + 1. Percentages with a down arrow indicate a percentage reduction relative to 2 + 1.
Numbers adjacent to a multiplication sign signify that the 2 + 1 parameter was multiplied by the number (e.g. a faster waning rate). IPD, invasive pneumococcal
disease.
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immunogenicity study suggest that the GMCs after booster dose
in the 1 + 1 schedule are non-inferior to those in the 2 + 1 sched-
ule for nine of the 13 serotypes, this does not provide sufficient
evidence on the protection against carriage [13]. The impact of
the reduced response for these four serotypes may be small, but
it puts additional importance on booster dose adherence, some-
thing that is variable across the UK [15]. The established correlate
of protection for IPD is 0.35 mg/mL following the primary
immunisation in infancy. This correlate of protection was devel-
oped using thresholds from a population of infants with primary
series vaccination and is not a correlate in children ⩾12 months of
age [42, 43]. A correlate of protection significantly higher than
0.35 mg/mL is believed to be necessary to protect against carriage
[12, 44]. Thus, we considered variability in the booster dose’s
effectiveness against carriage to understand potential ranges in
breakthrough vaccine-type disease. This was found to be one of
the most sensitive parameters in our analyses, further highlighting
the uncertainty surrounding the impact of a 1 + 1 schedule.

Furthermore, there is still considerable uncertainty in the risk
of carriage and disease in the first 12 months of life [45–47]. In
the base case, we assumed that the first priming dose in a 2 + 1
schedule and the only priming dose in a 1 + 1 schedule provide
equivalent protection, and that infants receive their priming
dose in the scheduled month. However, it is unclear whether
the first priming dose provides any protection, given that only
five serotypes reached the 0.35 mg/mL correlate of protection in
the immunogenicity study [13]. If the first priming dose does
not provide protection, we would be underestimating the increase

in cases with a 1 + 1 schedule. Additionally, our estimates of vac-
cine effectiveness (direct protection and carriage) for a single
priming dose may be overestimated since the Andrews et al.’s
indirect cohort study does not indicate when an individual
received an initial priming dose [18]. In that study, some infants
could have received a higher level of protection if they received
their single dose later than 3 months of age. Therefore, we
included a scenario in which the first priming dose’s vaccine
effectiveness against carriage was zero. While the impact was
not as pronounced as that for the booster dose, the removal of
vaccine effectiveness against carriage for the priming dose did
result in a substantial increase in disease and mortality compared
with the base case where we assumed some impact on carriage.

Computational limitations required restricting the number of
modelled compartments. First, we assume carriage of only one
serotype or serotype group at any time [32, 33, 48]. Studies that
considered carriage of multiple serotypes either focused on only
younger age groups [34, 35], had limited serotype-group differen-
tiation [31, 35] or were fit to specific datasets from small popula-
tions [48]. In one study, the authors tested their model with and
without co-colonisation and concluded that restricting to carrying
only one serotype at a time did not meaningfully affect their
results [48]; and while co-colonisation studies are becoming
more available due to better testing methods, the epidemiology
and dynamics surrounding co-colonisation are not well under-
stood [49, 50]. However, our assumption may be conservative
as carriage prevalence could be higher than our model estimates
due to co-colonisation. Second, our model does not account

Fig. 4. Two-way scenario analysis: incremental
cases over 5 years varying 1 + 1 booster dose vac-
cine effectiveness against carriage and booster
dose adherence relative to 2 + 1.
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entirely for recent increases of disease due to non-vaccine-type
disease in the UK elderly population [7]. This is likely because
our model did not differentiate the carriage duration or invasive-
ness of a serotype by age. Older individuals with comorbidities
who are exposed to a particular serotype may have a higher like-
lihood of developing disease that could not be accounted for given
the estimated non-vaccine-type carriage rates in children. Further
research is necessary to understand the variation in age-
dependent invasiveness of specific serotypes.

Mathematical models are useful tools to predict outcomes fol-
lowing policy changes; however, when considering these out-
comes at a population level, the humanistic impact is at risk of
being overlooked. Recent evidence in meningococcal vaccine pol-
icy illustrate this directly: following the JCVI decision to withdraw
the infant meningococcal C vaccine due to low rates of disease
and potential cross-protection afforded by other elements of the
programme, cases of meningococcal C disease in England have
tripled from five to 15 cases from 2016 to 2017 [51, 52]. The
unexpected recent increase in infant meningococcal C cases sug-
gests that caution is needed before removing infant doses, even
when the disease seems to be very well controlled. Considering
the significant amount of uncertainty that exists to inform a deci-
sion around 1 + 1 dosing, it is important that decision-makers
consider the full range of impacts prior to trialling any change.
If a decision is taken to trial a change in schedule, it is important
that all disease outcomes are monitored, not just invasive disease,
and that data are collected for those key areas in which they are
currently lacking.

Our analysis suggests that the removal of a priming dose will
increase the number of cases of IPD, and that there would be
an associated increase in non-invasive disease leading to substan-
tial burden to the National Health Service at both a hospital and
primary care level. Our conservative estimates also suggest a
switch could cause several hundred additional deaths in the UK
over the first 5 years. The impact of disease would affect not
just the infant population, but also older ages, especially the eld-
erly. Considering the uncertainty in the clinical relevance of the
immune response in direct and indirect protection, and current
epidemiological trends in disease and carriage under the current
2 + 1 schedule, a nationwide 1 + 1 PCV schedule implementation
in the UK that could affect invasive disease, pneumonia, otitis
media and others should be considered experimental and imple-
mented with extreme caution and complete disclosure.
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