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ABSTRACT

Background: A substantial fraction of the population-level impact of Pneumococcal Conjugate Vaccines (PCVs) on Invasive Pneumococcal Disease (IPD) is mediated
through indirect effects, i.e., their capacity to protect against carriage acquisition of vaccine serotypes (VTs) among vaccinees, thereby proportionately reducing
transmission and indirectly averting invasive disease in the whole population. Therefore, by relying on the consequent near elimination of VT carriage, early carriage-
based models successfully captured the impact of seven-valent PCV (PCV7) in high-income settings. We sought to determine the applicability of three published
statistical carriage-based models for the evaluation of PCV10 impact in Nigeria, where carriage prevalence data are available from urban and rural sites.
Methods: We applied external data, with assumptions, to empirical carriage prevalence data to predict IPD incidence rate ratios (IRRs). The models assume PCV has
no effect on serotype invasiveness among carriers because VT carriage is eliminated. Model 1 uses estimates of relative proportions of pre-PCV VT-IPD to predict IRRs.
Model 2 uses pre-PCV serotype IPD incidence, while Model 3 uses measures of serotype invasiveness, the case-carrier ratio (CCR).

Results: Model 1 estimates the largest PCV10 impact on overall IPD (IRR:0.38 and 0.50) in the urban and rural sites, respectively. Whereas estimates from Model 2
(IRR:0.69 and 0.78) and Model 3 (IRR:0.63 and 0.70) were more conservative.

Conclusions: VT carriage was not eliminated in our setting, so Model 1 estimates the hypothetical maximum impact. Relying entirely on indirect effects, Models 2 and
3 represent the minimum impact of PCV. Predictions would be more accurate if they accounted for direct effects among vaccinated VT carriers. This study illustrates
the importance of capturing vaccination data on individuals sampled in carriage prevalence surveys designed to estimate IPD burden at population level.

Introduction impact of vaccination [6,7], and guide decisions on vaccine schedules

[8]. The pneumococcal conjugate vaccination (PCV) protects against

Models have traditionally been used to simplify the complex re-
lationships between host and agent in infectious disease dynamics to
better understand disease burden and pathogen transmission and to
predict the potential impact of interventions such as vaccines [1]. In
pneumococcal disease epidemiology, models have been used across
different settings to assess vaccine impact [2-5], predict the potential

both pneumococcal carriage acquisition and invasion among carriers. By
reducing transmission, the PCV program has the potential for substantial
indirect herd effects. Ideally, PCV impact is best demonstrated via dis-
ease endpoints measured from population-linked invasive pneumo-
coccal disease (IPD) surveillance systems. Disease surveillance systems
are, however, expensive and technically challenging to establish and
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sustain [9]. Therefore, pneumococcal disease surveillance is rare in low-
and middle-income countries (LMICs) [10].

Models that extrapolate the impact of PCV on carriage to the impact
on pneumococcal disease have been developed and validated as alter-
natives to disease surveillance data. These include models that incor-
porate complex pneumococcal transmission dynamics [2,4,7,11], those
that rely on the serotype distribution and changes in carriage prevalence
[12,13], and those that utilize serotype-specific carriage invasiveness
[14-17]. Dynamic models allow for the incorporation of direct and in-
direct effects, but their computational complexity makes them slow to
develop and less widely applicable.

In the seven-valent PCV (PCV7) era, epidemiologists developed sta-
tistical carriage-based models that captured indirect vaccine effects to
predict vaccine impact on IPD in high-income countries (HICs), where
disease data could be used to evaluate the models [12,14,16]. In this
paper, we compare the assumptions and outputs of three of these models
and assess their applicability in evaluating the impact of PCVs on IPD in
a low-income setting where IPD surveillance was absent.

Methods
Model 1- Flasche model

Flasche et al. [16] proposed a model to predict the impact of PCV on
total IPD incidence. This simplified version of the more complex SIS-type
dynamic transmission model uses the relative prevalence of VT and NVT
serotypes among carriage and disease isolates in the pre-vaccine era
[16].

In the absence of vaccination, the incidence of IPD is expressed as a
carriage rate per person-time and the average risk that a carriage
episode results in invasive disease, i.e., invasive capacity (IC) or case-
carrier ratio (CCR), and this can be stratified into vaccine serotypes
(VT) and non-vaccine serotypes (NVTs).

IPD Pre = Carr Pre,; x CCR,; + Carr Pre,,; x CCRp, 1
In the post-PCV period, IPD incidence can be estimated as follows:
IPD Post = Carr Post,; x CCR,; + Carr Postp,; X CCR; (2)

The model 1 makes three assumptions (see Table 1): (I) VT are
eliminated, eventually, in the post-PCV period (Carr Post,, = 0), (ii) a
proportion, A, of the VT -carriage will be replaced by NVT
carriage (Carr Post,, = MCarr Pre,, + Carr Prep,), and (iii) the invasive
capacity or CCR of NVT pneumococci will remain unchanged after

vaccine introduction (CCR Post,,: = CCR Prey,, = Z2P 'e"”>. IPD inci-

" Carr Prepy

dence post-PCV can, therefore, be reformulated as follows:
IPD Post = (\Carr Pre,. + Carr Prep,.) CCRuy 3
PCV impact (Incidence rate ratio [IRR]):

IPD Post

Incidence Risk Ratio, IRR = 1PD Pre

Table 1
Summary of model assumptions.
Assumption Model
Model 1 Model 2 Model 3
(Flasche) (Weinberger) (Shea)
PCV effect on IPD mediated v v v

entirely by protection against
VT carriage

Serotype invasive capacity v v
unaffected by receipt of PCV

VT elimination in carriage v
NVT replacement in carriage v v 4
No change in underlying IPD risk v v v

Vaccine: X 25 (2025) 100691

Which simplifies to (see Supplement: Appendix 1 for details):

Ac+1
d+1

IRR = C)
where: ¢ = odds of VT carriage pre-PCV; d = odds of VT disease pre-PCV

The model was validated in nine settings and demonstrated a good
fit. Its predictions were robust to the introduction schedule and a wide
range of PCV7 uptake levels. It was timed to three years after the
introduction of PCV7 and was recently applied to estimate the global
effectiveness of higher-valent PCVs [18]. The assumptions for Model 1
were valid for PCV7 introduction because it was applied predominantly
to HICs where the force of infection was low, vaccine uptake was high,
and introduction resulted in the rapid elimination of VT carriage and
near complete replacement by non-PCV7 serotypes.

Model 2 — Weinberger model

Weinberger et al. [12] proposed a model to estimate the relative
changes in IPD incidence as a function of the serotype-specific pre-PCV
IPD incidence and changes in carriage prevalence of the serotype. The
model was initially validated using IPD incidence and carriage preva-
lence data from different populations (the UK, the Netherlands, USA —
including Native American populations) and South Africa [3,12].

Carriage Post;
Carriage Pre;

Expected(IPD Post;) = IPD Pre; x 5)

= IPD Pre; x PR;

where: a represents individual serotypes.

The key assumptions (see Table 1) of Model 2 are: (i) vaccine
effectiveness against IPD is wholly accounted for by protection against
carriage; (ii) there is a constant relationship between carriage and in-
vasion, which is not affected by the vaccination status of carriers in the
post-PCV era; and (ii) the underlying population IPD risk remains
constant.

Expected ( Z IPD Posti)
Overall Expected (IRR) = :

Observed (3~{TPD Pre;)
_ Observed (3> ;' (IPD Pre; x PR;) )
"~ Observed(3_IPD Pre;)

= Z?(\pi x PR;) (6)

where: y; = proportion of IPD in the pre-vaccine era attributable to the
i serotype group.

The model considers changes in the prevalence of carriage in i strata.
Applying the model where each serotype represents a single stratum did
not produce optimal results when validated [12]. However, by grouping
pneumococcal serotypes broadly into VT, high-incidence NVT, and low-
incidence NVT, the model predicted (within 95 % predictive interval)
overall changes in IPD incidence as well as changes for the serotype
groups.

As this model relies on carriage prevalence ratios, it assumes that all
of the PCV impact on VT-IPD is mediated through the reduction of VT
carriage acquisition and that there is no additional direct effect of PCV
onreducing VT invasive capacity. Therefore, it only accounts for vaccine
protection against carriage and disregards any subsequent protection
against invasion among VT carriers. Since the protection against car-
riage leads to a substantial indirect vaccine impact by reducing VT
acquisition and VT exposure through reduced transmission, this
assumption will be valid where VT carriage is eliminated. This is because
eliminating VT transmission will nullify the benefit of any impact on
invasion given carriage.

The assumption that the invasive capacity of each serotype remains
constant after PCV introduction is justified by evidence that the
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invasiveness of serotypes is an intrinsic property independent of time
and geography [19,20]. The assumption that vaccination does not affect
invasiveness can be acceptable to some extent. We accept that PCV does
not affect: (i) carriage of NVTs; (ii) invasiveness of NVTs; (iii) inva-
siveness of VTs among NVT carriers; and (iv) invasiveness of VTs or
NVTs among non-carriers. If VT carriage is almost eliminated, the
impact of PCV on the invasiveness of VT among vaccinated VT carriers
will be negligible, so we can reasonably accept this assumption.

The second assumption of unchanging population susceptibility to
IPD is also reasonable in HICs and when considering relatively short
prediction periods that are practical for vaccine assessment (5 years),
although this can vary by setting. Besides, changes in population sus-
ceptibility are likely to affect the VT and NVT disease risk to the same
extent.

Model 3 —Shea model

Shea et al. [17] validated a third model which uses serotype-specific
carriage prevalence and invasive capacity to estimate the incidence of
IPD.

Incidence (IPD) = Z?(Carriage Prey, x IC;) 7)

where carriage is the instantaneous ‘prevalence of carriage’, and the IC
is the ‘Invasive Capacity’ of carriage. The incidence rate ratio can be
estimated if there are data on carriage prevalence in the post- and pre-
vaccine era.

IRR — Y7 (Carriage Prev Post; x CCR Post)

>~I(Carriage Prev Pre; x CCR Pre) ®)

The measure of invasive capacity here is the Case-Carrier Ratio
(CCR), which can be estimated from two epidemiological observations
in the same population:

9

CCR — Incidence of IPD;
' Prevalence of Carriage,

Multiplying the carriage prevalence by the CCR would give an esti-
mate of the serotype-specific IPD incidence. When applying this model
to the Nigerian settings, we have assumed that CCRs are intrinsic
serotype-specific properties, which vary little with setting. Therefore,
CCR values calculated from other populations can be applied to
observed Nigerian carriage prevalence to estimate IPD incidence and
vaccine impact. This concept has been used to predict vaccine impact on
acute otitis media in the US by applying CCRs calculated from an Israeli
population to US carriage prevalence data [17].

The model also assumes that the CCR is constant in the pre- and post-
PCV eras; as in model 2, the applicability of a model requiring this
assumption depends on the assumption that VT carriage will largely be
eliminated by the vaccine programme, as it is otherwise likely that in-
dividual vaccinees will experience a significant reduction in the risk of
invasion when they become VT carriers.

We grouped serotypes into VT, high-incidence NVT, and low-
incidence NVT to allow for comparison with Model 3 output,

Relationship between models

The Flasche, Shea, and Weinberger models share the assumption of
independence of CCR from vaccine receipt but approach the subject
from different perspectives. Drawing on different types of external data,
the Shea and Weinberger models are mathematically equivalent (see
Supplement: Appendix 1).

Assuming VT elimination in carriage will make all three models
similar. What will differ will be the data needs for each. Model 3 requires
pre- and post-PCV carriage to infer disease based on external CCRs (i.e.,
a setting without IPD surveillance but with carriage surveys). Model 1
requires pre-PCV carriage and IPD to predict potential PCV impact on
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ID. Model 2 requires similar data input as Model 1 (pre-PCV disease and
carriage data) but also post-PCV carriage data; making it the most data-
hungry formulation and likely the most accurate if, indeed, all these data
are available. The challenge for Model 2 will be the likelihood of the
availability of this level of pre-PCV data but no post-PCV IPD, ques-
tioning its usefulness in reality. Another difference is that Models 2 and 3
can be formulated as either serotype-specific or serotype-group-specific,
while Model 1 only uses serotype groups. For the other models, grouping
serotypes is more pragmatic; otherwise, important disease-causing types
can be missed in carriage.

Data sources
Serotype-specific carriage

To estimate serotype-specific carriage prevalence in the pre-vaccine
period, we used data from baseline carriage surveys conducted 4-5
months after PCV introduction in an urban and a rural site in Nigeria
[21]. As PCV10 (GSK) was introduced without a catch-up campaign and
as uptake was relatively modest, we estimated only a small percentage
(7-15 %) of children aged <5 years were vaccinated at the time of the
baseline surveys, and therefore this could represent pre-vaccine epide-
miology [22]. In the post-vaccine period, we conducted four
(2017-2020) annual carriage surveys in the rural site and three
(2018-2020) in the urban site [22]. These annual surveys used inde-
pendent age-stratified random population samples and standard WHO-
recommended techniques for nasopharyngeal swabbing, transport,
storage, and culture. Field and laboratory techniques, including the
season of swabbing, were consistent across surveys.

We categorised serotypes 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F and 23F as
PCV10 vaccine serotypes (VTs) and all other serotypes as non-vaccine
serotypes (NVTs). In addition, we estimated serotype prevalence and
proportions of VT and NVT carriage for children aged <5 years sepa-
rately for the baseline and final (post-PCV) surveys in the two sites (rural
and urban).

Annual pneumococcal VT and NVT carriage prevalence among
children aged <5 years and the proportion of children aged <5 years
vaccinated with PCV10 vaccinated are shown in Table S1. Serotype-
specific carriage prevalence is shown in Fig. S1.

To assess the potential of cross-protection by PCV10 against serotype
6 A as reported in other settings, we did a sensitivity analysis consid-
ering a scenario where we assume that serotype 6 A was a VT when
categorizing the serotypes.

Serotype-specific IPD

Given that there was no direct estimate of the incidence of IPD in
Nigeria in the pre-vaccine era, we obtained serotype-specific estimates
of baseline IPD incidence from a systematic review of the global distri-
bution of serotypes in IPD among children <5 years (Table S2) [23]. We
extracted data on serotypes from the African sub-region, which included
data from 22 different studies across 13 countries spanning 1980 to
2000. Eight of the studies came from three West African countries
(Burkina Faso, Mali, and The Gambia), representing ~11 % of all iso-
lates from SSA. However, 74 % of the isolates from sSA were derived
from South Africa (Table S3) [23].

Measures of serotype-specific invasive capacity (case-carrier ratios, CCR)

We adopted serotype-specific CCRs (Table S4) from a meta-analysis
of the ratio of IPD incidence to carriage prevalence estimated from 20
systematic and paired serotype data on asymptomatic carriage preva-
lence and disease samples of carriage in children [24]. A majority (15/
20) of the paired studies were from countries in North America and
Western Europe, and only 4/20 were from LMICs (Venezuela, Papua
New Guinea, and Morocco). Overall, 12/20 studies had samples from
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children that were strictly aged <5 years, while 8/20 studies included
older (<6 years, <7 years, and < 18 years) children. Studies also covered
the pre- (11/20) and post-PCV (9/20) periods. A summary of the number
of serotypes isolated, total isolates for carriage and IPD, carriage sam-
ples, and IPD surveillance population by study are shown in Table S5.

Estimation of Uncertainty levels of predicted IRR and IPD incidence

We calculated the uncertainty in the IRR estimates using boot-
strapping and estimated the lower and upper bounds of the 95 % pre-
dictive interval as 2.5 % and 97.5 % of 10,000 bootstrap samples for
Model 1 and 1000 for Model 2. We calculated the 95 % confidence limits
of the IRRs from Model 3 by adding the standard errors of the CCR and
carriage prevalence using the delta method, which allows the calcula-
tion of variances of log-transformed variables [17,25,26]. Details are
included in the Supplement Appendix 2.

Results

Model 1 estimated that overall IPD incidence has declined by 50 %
over five years in the rural site and by 62 % over four years in the urban
site (Tables 2 and S6).

Model 2 estimated that the incidence of VT-IPD declined signifi-
cantly by 49 % in the rural site and by 57 % in the urban site (Table 2).
The model also estimated a significant decline in overall IPD incidence
by 22 % and 31 % in the two sites; IPD caused by low-incidence NVT was
estimated to have increased by 57 % and 60 %, respectively.

Model 3 outputs estimated that overall IPD has declined by 30 % in
the rural site and 37 % in the urban site (Table 2, Fig. 1). The model also
estimated a 48 % and 68 % decline in VT-IPD in the urban and rural
sites, respectively. The model only estimated a significant increase for
low-incidence NVT-IPD in the rural site.

For serotype-specific analyses from Model 3, PCV10 (and PCV10-
related) serotypes dominated IPD at baseline. NVT serotypes increased
in dominance post-PCV, but some VTs persisted in the predictions five
years after PCV introduction (Fig. 1). The serotypes predicted to cause
most IPD post-PCV were 14, 12F, 7F, 19 A, 2, 18C, and 6 A in the rural
site, and 19 A, 14, 12F, 6B, 19F, and 3 in the urban site.

Assuming cross-protection against 6 A led to larger estimates of
impact in both sites for Model 1 and in the urban site for Model 2
(Table 3). Model 3 did not show any evidence of cross-protection in both
sites.

Model 1 can only estimate overall IPD impact, and it predicted the
largest relative decline in IPD incidence compared to Model 2 or Model
3. In addition to the impact on overall IPD, Models 2 and 3 also predicted
the impact on VT- and NVT-IPD. The predictions from these two latter
models were similar, particularly for VT and NVT-IPD in the rural site.

Discussion

In this paper, we used three previously validated statistical carriage
prevalence-based models to estimate the impact of PCV introduction on

Table 2
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IPD in Nigeria, where IPD surveillance is lacking. These models are
based on the premise that carriage is a prerequisite for invasive disease
and estimate vaccine effects mediated by protection against carriage, i.
e., ignore any additional direct effects of PCV on invasion. Model 1
estimated a relative decline in overall IPD incidence of 50 % in the rural
site and 62 % in the urban site. Models 2 and 3 incorporate post-PCV VT
carriage prevalence, and their predictions were substantially lower, at
22-30 % and 31-37 % in the rural and urban sites, respectively.

For Model 1, the assumption of independence of invasiveness from
vaccine receipt does not matter eventually because post-PCV, the
assumption is that VT carriage is eliminated. In our setting, this key
assumption was not met. VT carriage was not eliminated; indeed, VT
carriage prevalence at the end of the introduction period was 22 % in the
rural area and 12 % in urban area [22]. In HICs, VT carriage elimination
was relatively rapid and complete after PCV7 introduction [27,28]
supporting the use of this simple model. By contrast, PCV13 has not
eliminated the extra-non-PCV7 serotypes in HICs [29-31]. Neither
PCV10 nor PCV13 has interrupted VT transmission in lower-income
settings. In Mozambique, where 54 % of children aged <5 years had
received three doses of PCV10 three years after its introduction, VT
carriage prevalence was 15-18 % [32]. Even where vaccine uptake was
high (>90 %) or catch-up provided, VT carriage prevalence was 11 % in
the Gambia [33], 18 % in Malawi [34] and 9 % in Kenya [35] five to
seven years post-PCV introduction. Thus, by overlooking this residual
VT carriage and the potential disease it causes, this model inevitably
underestimates the incidence of IPD post-PCV and overestimates the
impact. We could interpret the model predictions as the potential impact
that would have accrued if VT carriage had been eliminated in Nigeria.

Model 2 estimated a significant reduction in overall IPD of 22 % and
31 % in the two sites, mostly due to a reduction in VT-IPD incidence. The
model does not incorporate direct protection brought about among
vaccinees against invasive disease among VT carriers. Thus, its pre-
dictions for impact on VT-IPD are probably underestimated. In South
Africa, the model accurately predicted impact among unvaccinated
children and adults, among whom indirect effects would drive impact
[3]. In contrast, among vaccinated or vaccine-eligible children in South
Africa, the model underestimated vaccine impact, indicating the impact
of the model’s disregard of direct effects on invasiveness among vacci-
nees [3].

Model 3 estimated a reduction in overall IPD of 30 % and 37 % in the
two sites as a function of observed carriage prevalence in Nigeria and
estimates of CCRs from 20 settings, none of which were in sub-Saharan
Africa. This approach assumes that CCR is an intrinsic serotype char-
acteristic [19,20], and therefore, values estimated from settings where
such are available should be applicable anywhere. We have shown
(Appendix 1, Supplement) how Model 3 mathematically reduces to
Model 2 but uses CCRs as its input instead of prior IPD serotype distri-
bution to interpret changes in the prevalence of carriage pre/post-
vaccine. Using this approach, we predicted a significant relative
decline in overall and VT-IPD incidence at nearly comparable levels to
Model 2, suggesting that the different reference data selected (CCRs
versus prior IPD serotype patterns) are epidemiologically comparable.

Comparison of output from the three models showing estimated incidence rate ratios (IRRs) for impact of PCV10 on invasive pneumococcal disease in rural and urban

sites in Nigeria.

IRR (95 % CI)

VT High-incidence NVT Low-incidence NVT Overall

Kumbotso (rural) IRR 95 % CI IRR 95 % CI IRR 95 % CI IRR 95 % CI
Model 1 N/A N/A N/A N/A N/A N/A 0.50 0.47-0.54
Model 2 0.51 0.35-0.72 0.96 0.65-1.42 1.57 1.23-1.97 0.78 0.65-0.95
Model 3 0.52 0.44-0.61 0.90 0.73-1.10 1.59 1.26-2.00 0.70 0.67-0.73
Pakoto (urban)

Model 1 N/A N/A N/A N/A N/A N/A 0.38 0.36-0.39
Model 2 0.43 0.31-0.58 1.41 0.86-2.30 1.60 1.38-1.85 0.69 0.58-0.83
Model 3 0.32 0.26-0.40 0.88 0.70-1.13 1.09 0.88-1.40 0.63 0.60-0.67
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Fig. 1. Side-by-side comparison of predicted serotype-specific incidence rates for the baseline and post-PCV periods in the rural (top) and urban (bottom) sites from
Model 3. Serotypes are arranged in descending order of incidence rates in the post-PCV period.

Table 3

Sensitivity analyses exploring whether PCV10 provided cross-protection against serotype 6 A.*

IRR (95 % CI) with Cross-protection against 6 A*

vT High-incidence NVT Low- incidence NVT Overall

Kumbotso (rural) IRR 95 % CI IRR 95 % CI IRR 95 % CI IRR 95 % CI
Model 1 N/A N/A N/A N/A N/A N/A 0.44 0.40-0.50
Model 2 0.59 0.43-0.73 1.33 0.69-2.71 1.55 1.22-1.96 0.84 0.67-1.06
Model 3 0.60 0.52-0.69 0.96 0.72-1.27 1.59 1.27-2.00 0.70 0.67-0.73
Pakoto (urban)

Model 1 N/A N/A N/A N/A N/A N/A 0.26 0.25-0.28
Model 2 0.35 0.27-0.45 1.41 1.02-1.94 1.61 1.45-1.78 0.65 0.58-0.74
Model 3 0.33 0.30-0.39 1.27 0.95-1.69 1.09 0.86-1.40 0.63 0.60-0.67

" Serotype 6 A was categorised as a vaccine serotype (VT).

PCV protects vaccinees against VT disease via two distinct routes, i.
e., mucosal protection against VT carriage acquisition and systemic
protection against VT invasion following carriage. As with model 2,
model 3 also assumes that receiving PCV does not affect serotype
invasiveness (CCR). Therefore, the predictions underestimate vaccine
impact on VTs. For NVT carriers, the CCR does not change because PCV
is assumed to have no effect on the invasive capacity of NVTs. For VTs,
the prediction should take account of vaccination status. Among un-
vaccinated VT carriers, the CCR will remain constant in the pre- and
post-vaccine era. Among vaccinated VT carriers, however, the CCR is
likely to be lower because vaccine-induced systemic immunity means
that were the child to become a carrier, the risk of invasion will be
reduced.

For Model 3 to incorporate the additional vaccine protection against
invasion among vaccinees, we suggest the following adjustments to Eq. 8
(see Supplement Appendix 1 for derivation):

Py [( VEiy % cov) + (1 — cov) | + PR
Py 4 PR

IRR = (10)

P = prevalence in the pre-vaccine era (either VT or NVT).

P’ = prevalence in the post-vaccine era (either VT or NVT).
VEinv = ggi/\‘::’
riage which is estimated as the ratio of CCRy; by vaccine era,

cov = vaccine coverage among VT carriers.

the vaccine effectiveness against invasion given car-

_ CCRu
R = CCRny’

Some evidence indicates that serotype-specific CCRs do not differ
pre- and post-PCV [19], lending credence to the assumption for Models 2
and 3. However, for vaccinated VT carriers, VE against invasion is a
function of VE against IPD and VE against carriage. Therefore, even if we
accept that measured CCRs remain unchanged post-PCV, fewer PCV-
driven VT carriage events at the population level will influence CCRs.
Consequently, the average population CCR will be a function of the
reduced VT carriage among vaccinees. In this scenario, the post-PCV
CCR will still be lower than the pre-PCV CCR.

the ratio of CCRs by serotype group.

(CCR*p) + (CCR/*p,)
Ncarr

Average population post — PCV CCR =

where: CCR, and CCR,= CCR among unvaccinated and vaccinated.
CCRy= CCRy*VEny, VEin, = pai2
relative reduction in carriage. p, and p, = proportion of VT carriers
among vaccinated and unvaccinated. Nq» = Number of carriers.
Interpretation of pneumococcal carriage-based model predictions is
subject to another constraint in addition to model-specific limitations
discussed above. Our baseline carriage data were not strictly confined to
the pre-PCV era because PCV10 had been introduced four to five months
before the first survey; this may have led the models to underestimate
the predicted impact on IPD. This effect is likely to be small because no

, the ratio of relative reduction in IPD to



A.L. Adamu et al.

formal catch-up was offered to older children when PCV10 was intro-
duced, and we previously estimated that, at the time of the baseline
survey, the coverage of two doses of PCV10 among all children aged <5
years was only 7 % in the rural site and 15 % in the urban site (see also
Table S1) [22].

In conclusion, Model 1 makes a strong assumption about eliminating
VT carriage, which has not been born out in the Nigerian setting
examined. However, the intent of the model is not to predict exact PCV
impact but rather to give an assessment on the plausible maximal impact
that could be achieved if PCV program is successful enough to largely
eliminate VT carriage and transmission. Models 2 and 3 include an
analysis incorporate post-PCV VT carriage data, but they disregard
direct vaccine effects against invasion by VT, which are likely to be
important in contexts like Nigeria, where there is substantial residual VT
carriage. Model 2 depends critically on an accurate, observed estimate of
IPD incidence in the pre-vaccine period, which was unavailable for
Nigeria. The accuracy of Model 3 depends on a representative estimate
of the CCR, though there is little relevant data here emanating from
Africa. Although these models are computationally simple and attractive
for evaluating PCV impacts in sSA, these limitations undermine their
general applicability. The fact that VT carriage persists in most African
settings that have introduced PCV discounts the utility of Model 1 as a
way to estimate current impact. The fact that there are no accurate data
on the pre-PCV incidence of IPD discounts the utility of Model 2. Model 3
may be applicable if two modifications can be made; firstly, it requires
credible estimates of the serotype-specific CCRs derived in populations
that are representative of sSA; secondly, it requires adaptation to eval-
uate the direct effect of PCV among vaccinees in settings with persistent
VT transmission. Unlike the deficiencies of Models 1 and 2, both of these
deficiencies are amenable to further research, suggesting that Model 3 is
the most propitious for evaluating PCV impact and guiding future policy
in sSA using carriage studies as a proxy for complex and unaffordable
IPD surveillance systems, but relies on selection of the most appropriate
CCRs based on the setting, age group, and time period available.
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