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Abstract

Using incidence rates from CDC'’s Active Bacterial Core surveillance and immunogenicity data from the Navajo/Apache trial of pneumo-
coccal conjugate vaccine (PCV), we used Markov modeling to predict the optimal age to give a single dose of PCV. Antibody concentration
thresholds of 0.35 and 1.0 mcg/ml were considered protective. Our outcome was vaccine serotype-specific invasive pneumococcal disea
(IPD) incidence at 24 months. The models predicted the optimal age to vaccinate is 5—7 months with vaccine-induced immunologic memory
and 8-10 months without memory. IPD reduction ranged from 15 to 62%, depending on model parameters. A single PCV dose in infants
could prevent substantial IPD.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction reduction in invasive pneumococcal disease in children has
occurred[2]. The current cost of pneumococcal conjugate
Streptococcus pneumoniae, the leading etiologic agent of  vaccines, however, is a significant barrier to vaccine use in
bacterial pneumonia, causes over 1 million deaths annually indeveloping countries; a delay of almost 10 years occurred
children worldwide[1], though the majority of these deaths between the introduction into the United States of the con-
occur in developing countries. An effective and safe vaccine jugate vaccine foHaemophilus influenzae type b (Hib) and
against pediatric pneumococcal disease now exists. SinceHib’s introduction into the first African country, in large part
2000, when the heptavalent pneumococcal conjugate vaccinalue to the vaccine’s cost. PCV7, at $50-60 a d{3kjs
(PCV7) was introduced into the United States, a significant several times more expensive than the Hib conjugate vaccine
was at the time of its licensure.
o o One strategy to lower the cost of pneumococcal conju-
Disclaimer: The opinions expressed are those of the authors and do not . . .
) : . ) gate vaccine (PCV) regimen is to reduce the number of doses
necessarily reflect the views of the Indian Health Service. . ; . .
* Corresponding author. Tel.: +1 404 639 4727; fax: +1 404 639 3970, administered to a child. The recommended regimen in the
E-mail address: cwhitney@cdc.gov (C.G. Whitney). United States is a three-dose primary series at 2, 4, and 6
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months with a booster dose at 12—-15 morjtjs However, 250
there are reasons to believe that a single dose of PCV might
be an effective strategy for the prevention of invasive pneu-
mococcal disease, although not necessarily non-bacteremic
pneumococcal pneumonia. The protective level of antibod-
ies required to prevent invasive pneumococcal disease might
be low enougt]5-7] that a single dose could achieve such
concentrations. A single dose of conjugate vaccine might 50 I —
be capable of eliciting immunologic memory and reducing
transmission (i.e., herd immunityB]. Lastly, preliminary 0 ﬂ—” LL
evidence from the United States after introduction of PCV7 2 M A9;1(1m01j;l1‘:)15-|7 T3l 2L
suggests that regimens of fewer than 3—4 vaccine doses might o8
offer significant protection against invasive pneumococcal Fig. 1. Incidence rates of pneumococcal serotypes during 3 month intervals
diseasd9]. in the first 2 years of life, ABCs, 1998—1999MT is vaccine types (4, 6B,

We sought to assess the optimal age for administration 9V, 14, 18C, 19F, 23F)7 VRT is vaccine-related type (6A, 9A, 9N, 18A,
of a single dose of PCV7 in the first 2 years of life, and 188 18F 19A, 19C, 23A, 23BJ;" NVT is non-vaccine type.).
the amount of invasive pneumococcal disease that could be
prevented by such a vaccine strategy. The timing of a single . ) ,
dose for optimal individual protection is a balance of two tOF P€ing the census population of children aged 0-11 months
major factors: the age-specific incidence of pneumococcal © 12-23 months, divided by 4. Rates were calculated for
disease and the ability of the immune system to respond to theldividual serotypes and the cumulative of the seven
vaccine. We created a mathematical model that incorporatedS€rotypes in PCV7. The cumulative incidence of VT-IPD

these two factors to predict the optimal age of administration USiNg ABCs data was highest at 224 cases per 100,000
of a single PCV7 dose. children in the 9-11 month age grougid. 1). The serotype

with the highest rate in this age group (97 cases per 100,000
children) was serotype 14.

200 —
150 — ——l v |
BEVRT**

100 ONVT***

Rate (Cases per 100,000)

2. Methods
2.3. Immunogenicity data

2.1. Surveillance data
We used immunogenicity data from a randomized con-

Surveillance for invasive disease (i.e., from blood, cere- trolled trial of PCV7 among Navajo and White Mountain
brospinal fluid, or other normally sterile sites) caused by Apache (Apache) childrefil1,12] In this study, a commu-
Streptococcus pneumoniae is conducted as part of the Active  Nity randomization scheme was used, in which all children
Bacterial Core surveillance (ABCs), part of CDC’s Emerg- less than 2 years of age from a given community whose
ing Infections Program Network, as has been describedparents consented to participate in the trial were adminis-
elsewherg2,10]. We used ABC data collected from 1998 tered either PCV7 or control vaccine (group C meningo-
to 1999, before the introduction of PCV7 into the rou- coccal conjugate vaccine). Therefore, children less than 24
tine immunization program. The participating surveillance months were vaccinated with PCV7 at various ages, rather
sites during this time included all or part of the states than being vaccinated only according to the routine child-
of Ca”fornia, Connecticut’ Georgia, Mary|and’ Minnesota, hood immunization schedule. For a subset of enrolled chil-
New York, Oregon, and Tennessee for an approximate dren, sera were collected 1 month after the first PCV7
surveillance population of 15 million people. Serotyp- dose.The geometric mean concentration (GMC) of serotype-

ing was performed either by CDC'’s Streptococca| lab specific antibody and the percentage of children with anti-
or the Minnesota Health Department using the quelling body concentrations above critical threshold concentrations

reaction. were available for all seven serotypes in PC\Wal{le 1).

For age intervals where no immunogenicity data was avail-
2.2. Age-specific incidence rates of invasive able (i.e., 5-7 and 8-10 months of age), the GMC and
pneumococcal disease percentage of children with antibody concentrations above

thresholds were linearly interpolated from the adjacent age

Rates of vaccine-type invasive pneumococcal diseaseintervals.
(VT-IPD) among the ABCs’ population were calculated using
1999 U.S. Census Bureau population estimates. National2.4. Protective concentrations of serotype-specific
projections of cases were estimated by applying race-specificantibodies
rates for the aggregate surveillance areas to the racial distribu-
tion of the U.S. population. Incidence rates were calculatedin  In a recent WHO meeting it was concluded that an
3-month intervals from 0 to 23 months of age, the denomina- antibody concentration of 0.35mcg/ml correlates with



906 E.J. Barzilay et al. / Vaccine 24 (2006) 904-913

Table 1
Immunogenicity data after a single dose of pneumococcal conjugate vaccine by serotype, Navajo and White Mountain Apache children

Age at time of vaccination (months)

0-1 2-4 5-7 8-10 11-13 14-16 17-19 20-22 23
N= 143 N= 72 b b N= 43 N= 47 N= 28 N= 22 N= 12

Serotype 4

GMC* 0.89 1.33 2.10 2.62 3.65 2.36 2.31 323 3.54

% >0.35 81.9 83.8 89.2 94.6 100.0 93.6 100.0 100.0 100.0

% >1.0 49.3 59.6 70.0 80.4 90.9 83.0 72.4 78.3 100.0
Serotype 6B

GMC 0.27 0.20 0.32 0.45 0.57 0.55 0.86 0.97 0.85

% >0.35 35.9 26.7 41.3 55.9 70.5 61.7 72.4 73.9 75.0

% >1.0 13.8 4.0 11.0 18.0 25.0 38.3 41.4 56.5 41.7
Serotype 9V

GMC 0.38 0.47 0.65 0.82 1.00 0.94 0.57 1.06 2.12

% >0.35 50.3 62.5 68.0 73.6 79.1 83.0 62.1 86.4 100.0

% >1.0 17.5 26.4 33.9 41.3 48.8 55.3 31.0 63.6 75.0
Serotype 14

GMC 0.67 0.79 0.96 1.14 131 0.94 0.84 0.88 1.03

% >0.35 69.9 68.1 76.4 84.7 93.0 80.9 78.6 81.8 75.0

% >1.0 37.8 50.0 53.5 57.0 60.5 51.1 42.9 455 50.0
Serotype 18C

GMC 0.47 0.64 0.92 1.20 1.48 1.32 1.18 1.39 1.71

% >0.35 592 73.3 79.1 84.9 90.7 85.1 86.2 95.2 91.7

% >1.0 26.1 37.8 50.0 60.0 69.8 61.7 65.5 61.9 75.0
Serotype 19F

GMC 0.60 0.64 0.84 1.03 1.23 1.05 1.10 1.12 1.35

% >0.35 71.3 71.6 77.3 82.9 88.6 83.0 93.1 82.6 83.3

% >1.0 28.7 324 39.0 45.7 52.3 46.8 51.7 56.5 58.3
Serotype 23F

GMC 0.20 0.21 0.36 0.56 0.72 0.64 1.24 112 1.55

% >0.35 20.0 22.7 38.1 53.6 69.0 59.6 93.1 78.3 91.7

% >1.0 6.21 13.3 23.2 33.0 42.9 34.8 34.5 60.9 75.0

Sera measuring antibody concentrations were collected 1 month after vaccination. All antibody concentrations are in mcg/ml.
a TheN varies slightly by serotype due to laboratory variability in running siisgiven here are for serotype 14.
b GMC and % above thresholds were obtained by linear extrapolation from adjacent values because no children in these age groups received PCV7.
¢ GMC is the geometric mean concentration.

efficacy in preventing VT-IPD. The data used to come to this 2.5. Models of vaccine impact

conclusion came from the Kaiser Permanente efficacy trial in

Northern Californig13] the American Indian efficacy trial, The primary endpoint of our models was the cumula-
[11,12]and the South African efficacy trifl4]. It should be tive incidence of VT-IPD at 24 months of age. We modeled
noted that this 0.35 mcg/ml was determined from a pooled the effects of a single dose of PCV7 given at eight differ-
analysis of theses trials to be the best correlate of protectionent ages (0-2, 3-5, 6-8, 9-11, 12-14, 15-17, 18-20, and
against VT-IPD to be used in comparing non-inferiority of 21-23 months) on the cumulative incidence of VT-IPD at 24
vaccines for regulatory purposes, and does not necessarilynonths of agefable 2. All models used a Markov modeling
assure protection in an individual. Since studies of Hib technique, whereby the rate of VT-IPD at each 3-month age
conjugate vaccine showed that long-term protection againstinterval was applied to the number of children who had not
invasive disease is conferred at a higher serum antibodyyet had VT-IPD to arrive at the cumulative incidence at 24
concentration than that required for short-term protection months of age. We assumed that a child could only have one
against invasive disease, we also used a second, morepisode of VT-IPD. The baseline rate of VT-IPD at each age
conservative threshold of protection arbitrarily selected as interval was reduced by the proportion of children who had
1.0mcg/ml in our model§l5]. We did not model antibody  antibody concentrations above the indicated threshold after
levels required to prevent acquisition of pneumococcal a single dose of PCV7. We evaluated the sensitivity of our
colonization, non-bacteremic pneumonia or acute otitis model by changing the rates of VT-IPIR,( in Table 2 or
media. the proportions of children protected after vaccinatidp (
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Table 2
Formulae used for Markov modeling of cumulative incidence rates of vaccine-serotype invasive pneumococcal disease at 24 months of age whetegiven a si
those of PCV7

Calculation Formula
7 8
No vaccination Z (l— H(l — R;j) | wherej is the serotypes in PCV7 (4, 6B, 9V, 14, 18C, 19F, 23H3;the age group (1=0-2 months,
j=1 i=1

2=3-5 months, 3=6-8 months, 4=9-11 months, 5=12-14 months, 6 =15-17, months, 7 =18-20 months, 8 =21-2&months);
is the rate of invasive pneumococcal disease in age grimrserotype
7 8
Single dose of PCV7 Z <1— H(l —-(1- Tij)Rij)> wherej is the Serotypes in PCV7 (4, 6B, 9V, 14, 18C, 19F, 23h$; the age group (1=0-2
j=1 i=1
months,2 =3-5 months, 3=6-8 months, 4=9-11 months, 5=12-14 months, 6=15-17 months, 7=18-20 months, 8 =21-23
months);R;; is the rate of invasive pneumococcal disease in age gidap serotypej. T is the proportion of children above
threshold of protection. The addition of the factor{T;;) adjusts for the effect of staggered vaccination time.

5 5
Z (sigma): summation notation, WheE:i =142+3+4+5, H(Pi) : product notation, WhelHi =1x2x3x4x5.
i=1 i=1

in Table 9 according to the variations in model parameters and 9V and 21-23 month group for serotypes 4 and 9V. When

described below. no data were available, antibody concentrations for that age
interval were obtained by making a linear interpolation from

2.6. Models the GMCs inthe adjacentage groups. If no data were available
from an adjacent age group (i.e., 21-23 month interval), the

2.6.1. Basic model last available GMCs were used. The 95% confidence inter-

We used U.S. incidence rates of VT-IPD from ABCs vals around each study’s GMC were used to calculate the
from 1998 to 1999, before the introduction of PCV7 into standard deviation of the GMCs. This standard deviation was
the routine immunization program. The post-vaccination then used to calculate the percentage of study children that
immune response did not wane over time, assuming therehad antibody concentrations above the 0.35 and 1.0 mcg/ml.
was immunologic memory after a single dose of vaccination. The weighted average of the percent of children above each
As aresult, the percentage of children that reached protectivethreshold of protection was calculated from all available stud-
thresholds of 0.35 and 1.0 mcg/ml 1 month after vaccination ies. In the last step, the weighted average of the percent
remained constant in all subsequent age intervals up to 24of children with antibody concentrations above the thresh-
months. Maternally acquired or naturally occurring antibod- olds of protection from maternally acquired and naturally

ies were not subtracted out. occurring antibodies was subtracted from the observed per-
centages after single vaccination in the Navajo/Apache study

2.6.2. Subtracting maternally acquired and naturally for each age group. The resulting percentages were applied

occurring immunity in this model as the percentages of children with vaccine-

In this model we attempted to distinguish vaccine-derived derived antibody concentrations above the thresholds of
antibodies from maternally acquired and naturally occurring protection.
antibodies. Maternal antibodies are passed on to the fetus
transplacentally and decay over the first few months of life, 2.6.3. Waning of the post-vaccination immune response
resulting in an increasing rate of colonization and infection ~ Because it is unknown whether a single dose of PCV7
with pneumococci over the first 6 months of Iffi6,17] The will confer immunologic memory, we also ran the model
proportion of children vaccinated in the first few months of assuminglack ofimmunologic memory. To estimate the wan-
life that reaches the thresholds of protection might appearing of antibodies after vaccination, we used data from three
falsely high due to these maternal antibodies, making it seemPCV7 immunogenicity studies that gave a primary series
that the impact of vaccination was higher than it actually was. at 2, 4, and 6 months followed by a booster dose in the
Through a literature review of PCV immunogenicity studies second year of 1if§20,23,24] We calculated the weighted
from the pre-vaccine era, or from randomized control tri- average of the antibody concentrations 1 month following
als of PCV versus placebo, we obtained maternally acquiredthe third dose of the primary series at 7 months of age
and naturally occurring antibody concentrations for PCV7 and immediately prior to administering the booster dose at
serotype$6,11,18—30] This was done for the same 3-month 12-15 months of age. We then constructed a decay curve
age intervals from birth to 24 months as described above. Datausing an exponential decay of antibodies over time. We
on naturally occurring antibody concentrations was found for applied the slope constant of this exponential decay curve to
all age intervals except the following: 9-11 month group for each of the post single-dose GMCs from the Navajo/Apache
all seven serotypes, 18—20 month group for serotypes 4, 6B,study to determine the decayed GMCs at each subsequent
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Table 3 the distribution of VT-IPD over the first 2 years of life
Distribution by age of invasive pneumococcal disease in children under the was.

age of 2 years in the United States (ABCs’ data) and developing countries

[31-34]
Ageinmonths  Developing United States  Ratio of developing  2.7. Statistical analysis

countries countries to US
<6 26% 11% 235 Age-specific, race-adjusted incidence rates of VT-IPD
6-11 33% 34% 0.98 were calculated from ABCs using SAS for Windows (ver-
12-23 41% 55% 0.75

sion 9.1, SAS Institute, Cary, NC). Modeling was done in
Excel for Windows (version 10.0, Microsoft Corporation,
Redmond, WA).

3-month interval after vaccination. To calculate the percent-

age of children with antibody thresholds above 0.35 and

1.0mcg/ml at each of these intervals, we used the stan-3. Results

dard deviation reported for GMCs from the Navajo/Apache

study. The resulting percentages were applied in this We ran 16 models. An example of the model output in

model. Table 4shows the basic model using 0.35mcg/ml as the
threshold of protective immunity. In this model, the cumu-
2.6.4. Developing country incidence rates of VI-IPD lative incidence of VT-IPD at 24 months of age was lowest

Data was not available from developing country settings when the vaccine was given at 57 months, yielding a 62%
on the incidence rates of VT-IPD at 3-month intervals from reduction in VT-IPD, compared with when no vaccination
birth to 24 months of age. Therefore, to determine develop- was givenFig. 2shows the cumulative incidence of VT-IPD
ing country rates, we reviewed three studies from developing at 24 months of age when the vaccine was given at different
countries and one from Alaska Natives in which the distri- ages for the eight models using a threshold of 0.35 mcg/ml.
bution of invasive pneumococcal disease in children under 2 The models using a threshold of 1.0 mcg/ml showed less
years in three age groups was available: 0-5 months, 6—11reduction in VT-IPD but had a similar pattern for all eight
months and 12-23 monttji81-34] The percentages of all models. In summary, the models suggest that the optimal
IPD occurring in each age group were averaged for the age to vaccinate with a single dose of PCV7 is between 5-7
four studies Table 4. The percentage of disease in Amer- months if there is immunologic memory and 8-10 months
ican children under the age of 2 years using ABCs was if there is waning immunity after vaccinatioigble 9. The
also calculated for the same three age groups. The ratioexception to these findings is in the basic model for develop-
of the percentages of IPD in developing countries to those ing countries, where VT-IPD rates are higher at younger ages,
in the United States for the three age groups was deter-inwhich vaccination before 5 months of age was optimal. The
mined. The distribution of pneumococcal disease in devel- amountof VT-IPD prevented by a single dose varied by model
oping countries was shifted to younger infants compared (Table §. The greatest reduction in VT-IPD occurred in the
with the distribution in the United State3gble 3. Using basic models using the 0.35 mcg/ml threshold (62% reduction
these ratios, the incidence rates obtained from ABCs wereusing U.S. ratesHig. 2a) and 60% using developing country
adjusted to more closely resemble a developing country dis-rates Fig. 2e), and the least reduction in VT-IPD occurred
tribution. It should be noted that though the incidence rates in the models that assumed no immunologic memory and
used in this model were not those of developing countries, subtracted out maternally acquired and naturally occurring

Table 4

Incidence of VT-IPD due to each serotype and cumulative for all seven serotypes at 24 months of age when a single-dose of PCV7 is given at different ages i
the basic model (which assumes immunologic memory, using a protective threshold of 0.35 mcg/ml)

Age at vaccination Serotype Cumulative
4 6B Vv 14 18C 19F 23F
No vaccination 107.7 155.3 67.1 476.4 108.5 164.1 95.8 1175.0
0-1 months 19.5 99.6 33.4 143.6 44.3 47.1 76.6 464.1
2—-4 months 19.8 114.6 25.2 160.5 31.7 50.6 74.5 476.9
5-7 months 16.4 98.5 24.4 153.8 29.8 54.4 64.6 442.0
8-10 months 30.1 90.7 30.7 184.7 33.8 64.6 60.0 494.8
11-13 months 50.3 91.7 40.5 246.2 48.5 78.7 60.6 616.4
14-16 months 67.3 120.7 45.1 338.4 72.1 116.8 75.5 836.0
17-19 months 77.8 133.2 59.9 406.7 86.1 129.9 79.8 973.4
20-22 months 100.6 142.9 66.4 447.5 96.7 150.9 92.3 1097.2

Rates are number of cases per 100,000 children annually.
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Fig. 2. Cumulative incidence of VT-IPD at 24 months of age when PCV?7 is given at different ages, using various model parameters: (A) Basic maes), U.S. ra
0.35mcg/ml threshold of protection; (B) subtracting maternally acquired/naturally occurring antibodies, U.S. rates, 0.35 mcg/ml threstedd arf;niC)

waning immunity, U.S. rates, 0.35 mcg/ml threshold of protection; (D) waning immunity and subtracting maternally acquired/naturally octthodiesab). S.

rates, 0.35 mcg/ml threshold of protection; (E) basic model, developing country rate distribution, 0.35 mcg/ml threshold of protectionptifjgotattarnally
acquired/naturally occurring antibodies, developing country rate distribution, 0.35 mcg/ml threshold of protection; (G) waning immumipindes@lintry

rate distribution, 0.35 mcg/ml threshold of protection; (H) waning immunity and subtracting maternally acquired/naturally occurring grdéasagsng
country rate distribution, 0.35 mcg/ml threshold of protection.
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Table 5
Summary of models predicting optimal age to administer single dose of PCV7 to children less than 2 years of age to reduce incidence of VT-IPD at 24 months

Threshold of protection

0.35mcg/ml 1.0 mecg/ml

Optimalage  VT-IPD prevented Optimal age VT-IPD prevented

US Distribution of VT-IPD

Basic model 5-7 months 62% 5-7 months 36%
Subtracting maternally acquired/naturally occurring?Ab 5-7 months 45% 5-7 months 35%
Waning immunity not subtracting maternally acquired/naturally occurring Ab  8-10 months  40% 8-10 months  20%
Waning immunity, subtracting maternally acquired/naturally occurring Ab 8-10 months  29% 8-13 fnontigs
Developing country distribution of VT-IPD
Basic model <2 months 60% 2—-4 months 34%
Subtracting maternally acquired/naturally occurring Ab 5—-7 months 37% 5—-7 months 29%
Waning immunity not subtracting maternally acquired/naturally occurring Ab ~ 8-10 months  34% 8-10 months 17%
Waning immunity, subtracting maternally acquired/naturally occurring Ab 8-10 months  23% 8-10 months 15%

a Ab is antibodies.
b The reductions in VT-IPD in this model were equivalent for children vaccinated at 8-10 months and 11-13 months.

antibodies using the 1.0 mcg/ml threshold (18% using the dren 5-10 months of age might be problematic since it does

U.S. rates and 15% using the developing country rates). not coincide with the primary series of routine immuniza-
tion schedules in most developing countries (i.e., 6, 10, and
14 weeks). In many countries, however, measles vaccine is

4. Discussion given early at 9 months of age; PCV could also be given at
that visit.

Our models predicted that a single dose of PCV7 adminis- ~ The second reason to consider a single dose of PCV is
tered to infants could prevent a significant amount of vaccine- that there is some evidence that a single dose might be effec-
serotype Speciﬁc invasive pneumococca| disease. With thetive. Since its introduction into the United States in 2000,
exception of the basic model using developing country inci- there have been extended time periods when vaccine sup-
dence rates, all of the models predicted that a dose givenPly has been inadequate. So the supply of vaccine could
between 5 and 10 months of age would yield the greatestreach the most children during these times of shortage, ACIP
reduction in VT-IPD. In the models in which immunologic recommended deferring the 12-15 month booster dose, and
memory from a single dose was assumed, the optimal ageWhen needed the 6-month dd88]. Despite the shortage of
tended to be earlier (i.e., 5-7 months). In the models with- PCV7, the reduction in invasive pneumococcal disease in the
outimmunologic memory, the optimal time was slightly later United States since 2000 among vaccinated children has been
(i.e., 8-10 months), overlapping with the time of peak inci- impressive.
dence of VT-IPD. Among children under the age of 2 years, there was a

According to the models, a single dose of PCV7 does 78% reduction in VT-IPD between 1998/1999 and 2(#]1
not prevent as much disease as three- or four-dose regimensSuch decreases in VT-IPD have continued into 2002-2003,
Results of efficacy trials of pneumococcal conjugate vaccines[36] despite the PCV7 supply shortage that prevented most
showed efficacies against VT-IPD of 83% among Navajo and children from receiving the full vaccine series. Moreover,
Apache children|12] 97% among children at Northern Cal-  preliminary findings of a case-control study of vaccine effec-
ifornia Kaiser hospitalg;13] and 83% among South African  tiveness done by CDC suggested that one dose of PCV7 had
children[14]. In our model, the amount of VT-IPD prevented an efficacy of 67% (95% confidence intervals 28-8%%})
was as high as 62%. While not equivalent to the full-dose However, it should be noted that the effectiveness of a sin-
regimens, the amount of VT-IPD prevented by a single dose gle dose in the post-licensure period in the U.S. needs to be
could still be substantial. interpreted in light of the herd immunity induced on the pop-

There are several reasons to consider a single dose of pnewdlation from children who may have received more than one
mococcal conjugate vaccine. The first is the high price of dose. The effectiveness of a single-dose only regimen could
these vaccines. At its current market price (approximately be reduced without herd immunity.
$50-$60 per dose)3] PCV7 is unlikely to be introduced Third, as previously mentioned an antibody concentration
into developing countries. This is particularly true for three- as low as 0.35mcg/ml appears to correlate with efficacy in
or four-dose regimens. While the cost of a single dose is preventing VT-IPD{7]. This concentration might be achiev-
currently prohibitive, as the price of the vaccine drops, as able by asingle dose of PCV. A study in South Africa showed
it should with time and increased use, the cost of a single that after the first dose of a nine-valent conjugate vaccine
dose might fall into the range of financial feasibility for some given at 6 weeks of age, more than 60% of children had IgG
countries. Programmatically, a dose of PCV given to chil- concentrations >0.5 mcg/ml, except for serotypes 6B and 23F
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[6]. Geometric mean concentrations after the first dose for five in children in Northern California, which suggests similar
of the nine serotypes were >1.0 mcg/ml. It should be noted, immunogenicity[12—14] Furthermore, the actual immuno-
however, that maternally-acquired antibodies were not sub-genicity data from American Indian children and the general
tracted out in this study, which would serve to overestimate U.S. population do not differ significantl40]. Third, we
the immune response to a single dose. In a study in the Philip-had to make several assumptions in the model that might not
pines using a different PCV formulation, a single dose given be uniformly true. We used a linear interpolation between
at 18 weeks of age yielded equivalent or higher antibody adjacent available data to obtain missing immunogenicity
concentrations at 9 months of age to 10 of 11 serotypes com-values, a statistical assumption that might not accurately
pared with the standard 3-dose regimen given at 6, 10, and 14reflect the true immunogenicity. Another assumption was
weekg[37]. Several other studies have shown that two dosesthat children only get invasive pneumococcal disease once,
of PCV can elicit significant increases in antibody concentra- which is not true for children with underlying illness that
tions[21,24] Moreover, the high rates of early pneumococcal predisposes them to pneumococcal disease. This, however,
colonization in developing countries might prime them to would cause little error since such children account for a
respond more vigorously to a single dose of vaccine given atsmall proportion of disease episodes. A fourth limitation
5-10 months of agi1,25,38] of this study is that the 0.35mcg/ml threshold used was

Fourth, it might be possible that a single dose of PCV based on studies of efficacy against IPD. The threshold
could produce immunologic memory. Despite low circu- of protection against non-bacteremic pneumococcal pneu-
lating concentrations of antibodies, children might still be monia, the most common manifestation of pneumococcal
protected against IPD if their immune systems have beendisease in developing countries, might be higher, thereby
primed and are able to respond vigorously when presentedmaking our estimated levels of protection against VT-IPD
with pneumococci. Immunologic memory might be one of an overestimate for pneumococcal pneumonia. In addition,
the reasons why the effectiveness of PCV7 against VT-IPD the antibody threshold considered in this model may not
has been high even intimes of vaccine shorf@@i&Some evi- be applicable in high-burden HIV areas; a recent study
dence exists from other conjugate vaccines thatimmunologicshowed that antibody induced by PCV has been found to
memory might occur with reduced doses. A study in Niger be less functional in HIV infected lhan uninfected children
showed that children who received a single dose of meningo-[41].
coccal A/C conjugate vaccine at 14 weeks or 9 months A last, significant limitation of our model was that we did
had a vigorous anamnestic response to a challenge dose offiot include the herd effect of vaccination in the model. The
meningococcal polysaccharide at 24 months, producing highherd effect is clearly important for conjugate vaccines. The
concentrations of antibodies to meningococcal polysaccha-rate of invasive Hib disease in infants in the United States
rides A and C with significant increases in serum bactericidal began to decline when Hib conjugate vaccine was introduced
activity [39]. Studies are necessary to determine if a single for toddlerg42]. Since the introduction of PCV7 for children
dose of PCV, given at any age, will lead to immunologic in 2000, VT-IPD has also declined among adults, suggesting
memory. a strong herd effect of reduced transmissj@h It should

Our model had certain limitations. First, we used immuno- be noted however, that in order to reduce VT pneumococcal
genicity data as a proxy for efficacy data. The immunologic colonization of the nasopharynx, a key to eliciting a herd
correlates of protection used are estimates. The lower thresh-effect, a higher antibody concentration might be needed than
old of 0.35 mcg/ml is based on review of available data from what is needed to protect against IPD. This has been shown
randomized controlled trials and post-marketing effective- with Hib vaccing[43]. A single dose of PCV given at certain
ness[5]. Because this threshold seemed quite low, we also young ages might notbe able to produce high enough levels of
used a more conservative threshold of 1.0 mcg/ml based onantibodies to prevent colonization. Additionally, use of PCV7
the supposed level for long-term protection of the PRP anti- results in near-complete replacement colonization with non-
body after Hib conjugate vaccing5]. The fact that the  vaccine serotypes of pneumocodd,38] and likely some
optimal age to vaccinate did not change when using the replacement IPD, albeit at rates that are much lower than the
higher threshold suggested the model’s findings are robust.reduction in rates of VT-IP[]44].
It should also be pointed out that we used the 0.35mcg/ml  In conclusion, a single dose of pneumococcal conjugate
threshold for all serotypes. This might not be appropriate vaccine has the potential to prevent a significant amount of
for some serotypes (i.e. 19F) and could have led to the invasive pneumococcal disease in children. Our model pre-
model overestimating effectiveness for these serotypes. Secdicted that the optimal time to give a single dose of PCV7
ond, the immunogenicity data we used came from a single was 5—-7 months if immunologic memory occurred and 6-8
study among Native American childr§hl,12] Differences months if it did not. The model also predicted that a single
in the magnitude or timing of the antibody response to vac- dose could resultinuptoa62% reductionin VT-IPD. Because
cination might have yielded estimates of disease reductionof many assumptions inherent in modeling, immunogenicity
that were unrepresentative of the general population. How- trials of a single dose of PCV are needed to verify our find-
ever, the efficacy of PCV7 in this population was similar to ings and if those yield positive results, further studies of the
that in South African children and only slightly lower than effectiveness of a single dose of PCV would be warranted.
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