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SUMMARY

The burden of pneumococcal carriage is largest in developing countries from which,

however, detailed studies on pneumococcal transmission are missing. In this study we

followed nasopharyngeal carriage in Bangladeshi infants (2 =99) from birth, with 2-week
sampling intervals until age 4 months, and monthly thereafter until age 1 year, and also their
family members at the same intervals. We assessed the dependence of pneumococcal acquisition
rates on age, serotype, serotype-specific exposure (i.e. transmission) and current state of carriage
(yes/no). A statistical model of pneumococcal transmission, taking into account incompletely
observed data, was applied to estimate rates of acquisition and clearance for a large number of
serotypes at the same time. Serotypes that were common in the study population were more often
acquired from the community than rarer serotypes. However, when conditioning on
serotype-specific exposure within the family, transmission rates were similar between

different serotypes. Exposure within families signified more than tenfold increase in the rate

of acquisition.

Key words: Developing country, pneumococcus, Streptococcus pneumoniae, transmission.

INTRODUCTION

Pneumonia and invasive pneumococcal diseases
caused by Streptococcus pneumoniae (pneumococcus)
are estimated to cause 1 million annual deaths world-
wide with the greatest burden in developing countries
[1]. The natural habitat of the bacteria is the human
nasopharynx where carriage occurs in episodes of
varying length. Disease is a rare event, arising when
the bacteria spread from the nasopharynx and invade,
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for example the middle ear, lungs, blood, or meninges.
Most episodes of pneumococcal carriage are
asymptomatic and not observed. However, they are
important as the source of transmission of bacteria to
new hosts and thus indirectly as reservoir of serious
pneumococcal diseases [2].

At the moment 91 different polysaccharide capsules
of pneumococci are known. The capsule defines many
biological characteristics of the bacterium and is
the basis for classification of pneumococci into sero-
types. Different serotypes often have different viru-
lence and carriage properties [3, 4]. It is also assumed
that different serotypes compete with each other
in colonizing hosts [5]. Therefore, epidemiological
analyses of pneumococcal carriage may need to
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address simultaneously individual serotypes and their
interactions.

Transmission of pneumococci requires close con-
tacts among individuals, typically children [2]. In
particular, the household and day-care groups have
been shown to be important contact groups for
pneumococcal transmission [6—10]. A proper analysis
of transmission within such groups requires longi-
tudinal data, i.e. repeated measurements of carriage in
the same individuals over a period of time. Instead of
actual event histories, which record times of acqui-
sition and clearance, the analysis relies in practice on
repeated measurements of carriage, taken at fixed
time points. Interpretation of these types of longi-
tudinal data in terms of episodes of carriage usually
requires a model-based approach.

The epidemiological analysis of pneumococcal
carriage has often been based on the idea of a binary
process (carrier/non-carrier). Serotypes can be in-
cluded as additional ‘marks’ on the events of acqui-
sition, although analyses involving simultaneously
more than one serotype have been rare. Auranen et al.
[11] studied the role of exposure and age on pneumo-
coccal colonization by using three most prevalent
serotypes in the data and assuming shared parameters
across the serotypes. Cauchemez et al. [12], studying
15 serotypes simultancously, did not find differences
between serotypes in the transmission rates within
school classes. Recently Hoti ef al. [13] studied the
dynamics of pneumococcal transmission in a day-care
setting assuming shared parameters for all the studied
serotypes. In these papers Bayesian estimation was
used together with data augmentation to deal with
incompletely observed data. Melegaro er al. [14]
studied the role of age together with serotype-specific
properties of current carriage and exposure using
single serotype models and utilizing discretized tran-
sition probabilities.

While the frequency of pneumococcal carriage
is highest in developing countries, most studies of
transmission have been done for developed countries.
In this study, we analysed longitudinal data about
pneumococcal carriage in Bangladeshi families, col-
lected with a 2- to 4-week sampling interval. Our
main interest was describing parameters determining
within-family transmission, including rates of within-
family transmission and clearance of pneumococcal
carriage. We analysed a number of serotypes jointly
in a single model. This brings power to the statistical
estimation and also makes it possible to take into ac-
count interactions between serotypes.

https://doi.org/10.1017/50950268809991415 Published online by Cambridge University Press

MATERIAL AND METHODS
Material

The data in the current study have been described in
more detail previously [15, 16]. Briefly, this was a
longitudinal study of pneumococcal carriage in 99
infants (index children) born between May 2000 and
April 2001, and followed for 1 year. The per-protocol
sampling frequency was 2 weeks up to age 16 weeks of
the index child and 4 weeks thereafter until age 1 year,
with a total of 16 sampling rounds (Fig. 1b).
Nasopharyngeal samples were taken at each sampling
round (visit) from the index child and from those
family members who were present and consented. The
realized sampling times followed the per-protocol
sampling quite well: the average (standard deviation)
of the time intervals between consecutive visits during
the scheduled 2-week sampling intervals was 18-3 (6-7)
days and during the scheduled 4-week sampling in-
tervals it was 32-0 (5-7) days. The realized shortest and
longest time intervals between consecutive visits were
10 and 84 days, respectively.

All 99 index children and all 98 mothers, 152 sib-
lings (43 aged <5 years, 109 aged between 5 and 18
years) and 115 other family members gave at least one
sample during the follow-up. Hereafter, these individ-
uals are referred to as study participants. In total 1459
samples were obtained from index children, 1378 from
mothers, 1150 from siblings and 330 from other family
members. The compliance of sampling was thus high
in index children and mothers, with 92 % and 88 % of
the maximum possible number of samples obtained,
respectively. The compliance in participating siblings
(47%) and other family members (18 %) was lower.
Figure 1 a shows the percentage of samples obtained in
different participant categories by visit.

Pneumococci were cultured, isolated and serotyped
by standard methods as described previously [17]. The
average point prevalence of pneumococcal carriage
was moderate in the index children and siblings aged
<5 years: 45% of samples were positive in both cat-
egories. The prevalence in study participants aged
> 18 years (7 %) was clearly lower. The index children
had their first pneumococcal carriage episode at an
early age; half had been colonized at least once by age
2 months [15].

Exploratory analysis

According to the laboratory protocol, only the domi-
nant serotype was searched for, and it is therefore
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Fig. 1. Compliance to sampling by visit together with the scheduled visiting scheme according to the protocol. (¢) The
proportion of samples of the maximum possible number by visit in different participant categories (index children, mothers,
siblings, other family members). (b) The scheduled visits (v1-v16) according to the protocol.

assumed throughout the paper that an individual is
always either a carrier of one of the pneumococcal
serotypes or a non-carrier (Fig. 2). For each person,
the follow-up period was defined as the period from
the first sample to the last one in the individual. How-
ever, if there were >45 days between any two con-
secutive samples for an individual, the follow-up was
discontinued for the time interval between the two
samples. Episodes were defined as a series of con-
secutive samples of the same serotype in an individ-
ual. Each carriage episode was assumed to start
midway between the first isolation of the type in the
episode and the previous visit, and correspondingly to
end midway between the last isolation in the episode
and the following visit.

In the exploratory analysis, only the four most
common serotypes in the episode data (6A, 19F, 15B/
Ct, 6B) were considered. Hereafter, these serotypes
are referred to as target serotypes. Of these types there
were 151 episodes in index children (34 % among all in
this group) and 131 (25%) in others. Family exposure
was defined on the basis of carriage episodes in other
family members. Specifically, a person was termed as
exposed to a particular serotype at a given time, if any
of the other family members had carried the type in
question any time during the previous 30 days.

T In the analysis, serotypes 15B and 15C were considered as one
type (15B/C) because of reversible serotype switching between them
[18].
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Fig. 2. The model graph. The model is illustrated for two
serotypes, with three possible pairs of transitions between
the different epidemiological states.

Based on episodes, Nelson—Aalen estimates of
cumulative rates [19, 20] were calculated to explore
the dependence of acquisition on age group, serotype-
specific exposure and current carriage (non-colonized/
colonized) for an individual. Subsequently, estimates
of constant crude hazards of acquisition were calcu-
lated, stratified by exposure and current carriage.
Nelson—Aalen estimates of cumulative rates of clear-
ance were also calculated, assuming that the four
most common serotypes share the same rate. Two age
groups were used: study participants aged <5 years,
termed as children, and others, termed as adults.

The transmission model

A parametric transmission model was constructed to
estimate serotype-specific parameters simultaneously.
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The same model structure as in the exploratory
analysis was employed, allowing direct transitions
from one carriage state to another (Fig. 2). The model
is based on mass action law in assuming that the rate
of acquisition of serotype s in a non-carrying child in
family fis

pewy; +x°, (1)
ny—1

o7 ehita () =

where nyis the (fixed) size of family fand C(#)j denotes
the number of carriers of serotype s in family fat time
t. In equation (1) the serotype-specific terms * and «*
represent family transmission parameters from a car-
rier to a susceptible and for the background rate
(community force of infection), respectively. The rate
of acquisition in a carrying child was specified as
00 chita(?). The competition parameter 6, is the rela-
tive rate of acquisition in a carrying vs. non-carrying
child, and has a similar interpretation to the ‘chal-
lenging strength’ as used in [5].

In contrast to previous studies [11, 12, 14], duration
of pneumococcal carriage was assumed to follow a
Weibull distribution. This is a two-parameter distri-
bution with shape and scale parameters and prob-
ability density function 7p~ "x" lexp(—(x/p)?). The
shape parameter was fixed (r=2-0) but serotype-
specific scale parameters, denoted by p°®, were as-
sumed.

Regardless of the large overall number of samples,
the absolute number of episodes is fairly small for all
but the most common serotypes. Consequently, sero-
types were grouped as follows. The four most com-
mon serotypes (6A, 19F, 15B/C, 6B) had their own
individual rates of acquisition and clearance. For the
next four most common serotypes (34, 10, 23F, 33)
shared acquisition and clearance rates were assumed,
but each episode was identified individually. The rest
of the serotypes were pooled as one single class and
thus the exact serotype identity was ignored for this
class. The number of different carriage states is thus
nine. In the model the same age classification of in-
dividuals as in the exploratory analysis was used.

A large number of serotype-specific parameters
would obviously lead to identifiability problems, in
particular in adults with only a few episodes per sero-
type. Therefore, all acquisition rates in adults were
modelled through a common relative rate (), relative
to the corresponding rates in children. Similarly, all
clearance rates in adults were modelled through a
common relative rate (), relative to the correspond-
ing rates in children.
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To resolve the problem of unobserved acquisition
and clearance times, Bayesian data augmentation was
used to statistically impute histories of carriage within
families (see Appendix). Regarding episodes, the dif-
ference from the exploratory analysis is that they were
treated as random with respect to their number and
exact location in time.

There were a large number of individuals that sub-
mitted only a few samples. To regulate this, persons
fulfilling both of the following criteria were discarded
from the transmission model: (1) those having no
positive sample during the follow-up, (2) where the
number of samples was less than half of the maximum
(n=16). The number of these individuals (n=130),
including mostly fathers (n=52) and grandmothers
(n=24), was comparably large. However, in the cur-
rent study children were the main focus of interest.
Although the amount of exposure on children could
be under-estimated due to ignoring part of the data,
the impact of this is likely to be marginal because
carriage in ignored individuals is relatively rare.

Model assessment

Predictive data were simulated from the transmission
model using the posterior mean of the model par-
ameters. In each of the simulations families excluding
the index children were simulated for 2 years to obtain
stationarity. The index children were then added to
the families and the prevalence of pneumococcal car-
riage in index children was recorded at the true sam-
pling times and compared with the actually observed
values.

RESULTS
Exploratory analysis

Table 1 shows the serotype distribution separately in
the samples and episodes for the eight most common
serotypes in the data. Table 2 summarizes episodes for
the exploratory analysis of acquisition for the four
most common (target) serotypes. The data summaries
are given in terms of episodes, which define the ap-
propriate time at risk for acquisition of a specific
serotype, and the number of acquisitions (new epi-
sodes) for the serotype in question. For analysis of
acquisition, the episodes were stratified by exposure
within the family and current state of carriage (non-
colonized/colonized). Table 3 summarizes the data for
the exploratory analysis of carriage clearance.
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Table 1. Numbers of isolates and episodes. The numbers (percentages) are presented for four different participant
categories : index children (newborns, n=299), siblings aged <5 years (n=43), older siblings (n=109) and other
family members (> 18 years, n=213)

6A 19F 15B/C 6B 34 10 23F 33 Rest* Total

Isolates
Index children 55(9) 74 (12) 50 (8) 58 (9) 17(3) 35(6) 26(4) 13(2) 298(48) 626 (100)
Siblings <5yr 27 (12) 29 (12) 13 (6) 8(3) 9 (4) 3(1) 14 (6) 4(2) 125 (54) 232 (100)
Siblings =5yr 18 (7) 15 (6) 13 (5) 16 (6) 21(8) 17 (6) 8 (3) 18 (7) 145 (54) 271 (100)
Others 8 (6) 1(1) 7 (6) 3(2) 8 (6) 8 (6) 4(3) 4(3) 84 (66) 127 (100)
Episodes
Index children 36 (8) 43 (10) 34 (8) 38 (9) 11(2) 19 (4) 17 (4) 10 (2) 233(53) 441 (100)
Siblings <5yr  22(12) 21 (11) 11 (6) 7(4) 7 (4) 3(2) 11 (6) 4(2) 102 (54) 188 (100)
Siblings >35 yr 14 (6) 13 (5) 12 (5) 14 (6) 19 (8) 12 (5) 8 (3) 14 (6) 132 (55) 238 (100)
Others 8 (7) 1(1) 7 (6) 3(3) 7 (6) 8 (7) 4(4) 4(4) 71 (63) 113 (100)

* Other serotypes containing non-capsulated pneumococci.

Table 2. Serotype-specific numbers of acquisitions (no. acq.) with the time at risk for acquisition (Tyisk),
stratified by exposure within the family and current state of carriage in children (upper row numbers) and

adults (lower row numbers). In children, serotype-specific crude acquisition rates (rate) were calculated, stratified
by exposure

Non-colonized to target Colonized to target
No. acq.* Triskt No. acq.* TrisicT Ratef Ratio§
6A 4-8
Exposure 10 0-17 S 0-18 42-4
3 0-34 2 0-08
No exposure 22 1-86 8 1-52 89
6 1-85 5 0-66
19F 10-5
Exposure 19 0-17 5 0-09 91-4
4 0-26 1 0-07
No exposure 18 1-86 12 1-58 87
3 193 0 0-68
15B/C 7-4
Exposure 5 0-09 8 0-14 563
7 0-29 1 0-07
No exposure 18 1-94 9 1-61 7-6
3 1-89 1 0-68
6B 85
Exposure 10 0-09 0 0-06 66-1
3 0-34 1 0-09
No exposure 18 1-94 10 1-67 7-8
4 1-85 2 0-66
Total 7-5
Exposure 44 0-52 18 0-48 62-1
17 1-23 5 0-31 14-3
No exposure 76 7-60 39 6-37 82
16 7-51 8 2:68 2:4

* The total number of new episodes of the serotype.

+ The total follow-up time spent not carrying the serotype in question given as 10000 days.
1 Given per 10000 days.

§ The ratio (i.e. the relative rate) of the rates with and without exposure.
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Table 3. Number of clearances together with the time
at risk (Tis) and rate estimate (rate) for children
(upper row numbers) and adults (lower row numbers)
for the four most common serotypes

No. of

clearances Trisk* Rate*
6A 29 960-0 0-030

10 204-5 0-049
19F 31 1210-0 0-026

6 154-0 0-039
15B/C 22 732-0 0-030

9 2420 0-037
6B 27 9250 0-029

6 146-5 0-041

* Reported as per days.

Family exposure

The ratio of acquisition rates in children with and
without exposure to the family varied between 4-8 and
10-5 for the four target serotypes (Table 2). The ratio
of the total acquisition rates for these serotypes was
7-5 in children and 6-1 (=14-3/2-4) in adults, sug-
gesting a significant effect of exposure on the rates of
acquisition. Adjusting for a possible interaction be-
tween current carriage and acquisition, the effect of
exposure in the non-colonized state only was effec-
tively the same (children 85, adults 6-5). From the
cumulative rate estimates (Fig. 3), showing the total
rate for acquisition of any of the four target serotypes,
the effect of exposure was similar: the rate (i.e. the
slope) in exposed children (Fig. 3a, dashed line) was
about tenfold compared to children with no family
exposure (solid line). The effect of exposure was again
similar in adults (Fig. 3b). The acquisition rates in
both children and adults appear reasonably constant
throughout the follow-up. In particular, the rates in
adults appear proportional to those in children in all
strata.

Age dependence

The estimated rate of acquisition for acquiring any of
the four target serotypes without exposure was 8§-2
(per 10000 days) in children and 2-4 in adults,
suggesting a significant effect of age on acquisition
rates (Table 2). By comparing the cumulative acqui-
sition rates (slopes) from the non-colonized state in
non-exposed children and adults (Fig. 3a, b), a similar
effect of age on the rate of acquisition as inferred
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above can be seen although the number of acqui-
sitions in adults is small (note the difference in scales
in the y axis).

Competition

According to the data shown in Table 2, the rate of
acquisition for a child to acquire any of the four target
serotypes with or without family exposure was 84-5
and 10-0 per 10000 days, respectively, for transitions
from a non-colonized state. For transitions from a
colonized state the corresponding rate was 40-0 and
6-1 per 10000 days, respectively, suggesting the pres-
ence of competition between serotypes. The same
phenomenon can be inferred from Figure 3¢, which
shows the cumulative rates of acquisition in children
stratified by the current carriage (non-colonized/
colonized). The acquisition rate from the colonized
state is 50 % of that from the non-colonized state, and
when ignoring the time interval, about 20-30 weeks
of follow-up time when there are only a few acqui-
sitions from the colonized state, the relative rate is
about 0-8.

Clearance

The number of clearances (transitions to a non-
carrying state) and the time at risk for clearance were
calculated in order to investigate possible differences
between serotypes in carriage clearance (Table 3). The
crude estimates of clearance rates do not suggest any
significant differences between the studied four sero-
types. However, there appears to be some dependency
in clearance rates on age, although the number of
acquisitions is small in the adult age group.

The transmission model

Table 4 summarizes the posterior mean estimates of
the model parameters, with 90% credible intervals
(CIs). The results from the parametric model suggest
that there are differences in the community acqui-
sition rates between the serotypes analysed. For sero-
types 6A and 19F the estimated mean sojourn time
from the community for a susceptible child without
exposure to the family was 1100 days, while for any
serotype from the class (34, 10, 23F, 33) this was
roughly double. The mean sojourn times of other
serotypes were between these two values. The strik-
ingly large estimate for the serotype class ‘Rest’ is due
fact that in the model the community rate alone ac-
counts for all acquisitions of the 47 serotypes in this
class.
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Table 4. Estimates of serotype-specific parameters in children (the posterior
mean of the parameter and the 90 % credible interval within parentheses)

Mean durationt

K* Benia* for a child (days)
6A 093 (0-76-1-14) 232 (164-31-0) 456 (41-6-51-7)
19F 0-94 (0-78-1-11) 21-3 (14-2-28-4) 62-0 (56:8-68-7)
15B/C 0-66 (0-50-0-83)  27-9 (21-0-35-4) 481 (43-8-533)
6B 090 (0-71-1-:08)  21-2(13:9-30-1)  43-5 (39-8-47-9)
(34, 10, 23F, 33) 0-42 (0-35-0-48) 21-2 (16:6-26-1) 47-4 (44-1-51-2)
Rest 538 (490-590)  24-1 (22:9-25:8)  42:6 (40-4-45-5)

* Per 1000 days.

+ Based on estimated scale parameters (p*) and the Weibull assumption with fixed-

shape parameter (=2).
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Fig. 3. Cumulative rate estimators, stratified by family exposure or current carriage state. Cumulative rates were determined
by Nelson—Aalen estimators. Acquisition events are denoted as open symbols (O). (a) Cumulative rate of acquisition of the
four target serotypes in children (aged <35 years), stratified by family exposure (yes/no). Rates were determined only from
episodes of non-carriage. (b) Cumulative rate of acquisition of the four target types in adults (aged =5 years), stratified by
family exposure (yes/no). Rates were determined only from episodes of non-carriage. (¢) Cumulative rate of acquisition of
the four target serotypes in children without exposure to the family, stratified by current carriage state (non-colonized/

colonized). Note the difference in the y scales

However, the differences between the community
acquisition rates are masked when exposure to the
family is present. For any of the studied serotypes the
acquisition rate was about 12-fold when one other
family member was carrying that particular serotype
in a family of n=4 (i.e. mode of sampled family sizes).
There were no significant differences in family trans-
mission parameters between the studied serotypes. For
a non-carrying child the mean acquisition time with
one carrier in a family of n=4 ranged from 142 days
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(serotype 6B) to 108 days (serotype 15B/C). The
common competition parameter () for the eight most
common serotypes was estimated as 0-83 (0-73-0-93).
The proportionality describing adult susceptibility (1)
was estimated as 0-46 (0-45-0-49).

The estimated mean duration of carriage episodes
in children was between 44 (serotype 6B) and 62 (19F)
days. Serotype 19F was found to be carried signifi-
cantly longer than the other studied serotypes. No
other significant differences between the serotypes
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Fig. 4. Posterior predictive analysis of the model indicating the model fit. Observations (<) and 50 model predictions (dots)

for prevalence of pneumococcal carriage in the index children.

were found. The adult clearance rate proportionality
parameter (0) was estimated as 113 (90% CI
1-15-1-18) suggesting a small but statistically signifi-
cant difference between clearance rates in the studied
age groups.

The model fit was assessed by comparing predictive
data to the actual observations. Figure 4 presents
samples of the predictive prevalence of overall pneu-
mococcal carriage in the index children. The model is
seen to fit well to the data.

DISCUSSION

In this paper we investigated transmission character-
istics of pneumococcal serotypes, based on a 1-year
follow-up of carriage in Bangladeshi infants and
their family members. Based on a structured model
of acquisition and clearance of carriage and state-of-
the-art methods to deal with incompletely observed
event times of acquisition and clearance, we were able
to quantify serotype-specific parameters simul-
taneously. Serotypes that were common in the data
were more often acquired from the community than
rarer serotypes. In contrast, when conditioning ac-
quisition rates on the presence of exposure within the
family, there were no differences across serotypes in
within-family transmission. The conditional acqui-
sition rate in the presence of one carrier in a family of
n=4 was roughly 12-fold compared to the community
force of infection. Some differences were found be-
tween serotypes in the rate of carriage clearance, the
more common serotypes being cleared at a slightly
slower rate. In addition, the analysis provided
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evidence for between-serotype competition in that
current pneumococcal carriage reduced acquisition of
other serotypes.

The community force of infection was similar for
the four most common serotypes in the data (6A, 19F,
15B/C, 6B), with about one acquisition from the
community every 3 years per child (Table 4). In the
group of the four next most common serotypes, any
one of the serotypes (34, 10, 23F, 33) had a signifi-
cantly lower community force of infection, with about
double the waiting time for new acquisitions from the
community. Although the overall rate of the group
of remaining serotypes was about fivefold compared
to the most common serotypes, this rate represents a
total of 47 serotypes in the data. Consequently, indi-
vidual serotypes within this group had on average a
clearly lower community acquisition rate than the
eight most common serotypes.

Simultaneous follow-up data regarding carriage
in index children and their family members allowed
estimation of conditional transmission rates within
the family. Notably, the acquisition rate for a non-
carrying child with a carrying family member was es-
timated to be similar across all studied serotypes
(Table 4). This result applies to all eight serotypes that
were treated separately. For the four most common
serotypes, the conditional rate of acquisition with one
carrier in the family was approximately 12-fold to the
background rate (community force of infection) in
a family of four members. Our data were collected
from 17 different villages and therefore provided the
option of using villages as contact groups instead of
families. However, performing similar analysis to that
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in Table 3 the rate ratio of exposure vs. no exposure
was close to 1 giving strong support to using family as
the source of exposure in this analysis.

The model accommodated between-serotype com-
petition in colonizing hosts through stratification
of acquisition rates by current carriage (yes/no) in the
individual. Current carriage in the child was found to
reduce acquisition of other pneumococcal serotypes.
Specifically, presence of between-serotype competition
was quantified as a relative rate of acquisition of 0-83
(90% CI 0-:68-0-94) in a carrying child compared to
a non-carrying child. When the model was expanded
with serotype-specific competition parameters, the
estimates of other model parameters remained the
same with wider credibility intervals, but there were
no significant differences between the competition
parameters. Detection of differences in competition
across serotypes would thus require more extensive
data. A further limitation of our analysis is that the
data only recorded single carriage. It is unlikely that
the model structure (Fig. 2) as employed in the current
study fully corresponds to the actual mechanism of
competition, which is likely to work through reduced
rates for a carrier to acquire a secondary type. In
this context the estimated magnitude of competition
in our model might not have a straightforward
interpretation.

The estimated mean duration of pneumococcal
carriage varied between 44 and 62 days for all studied
serotypes. All serotypes except one had similar mean
durations of just above 6 weeks. Serotype 19F was
estimated to be carried somewhat longer (mean
62 days), although the credible interval overlaps with
those of the other serotypes. In the parametric model
we estimated a higher clearance rate (1-21, 90% CI
1-13-1-27) for adults.

The effect of exposure has been noted previously as
a risk factor for carriage and a higher acquisition rate
has been shown for the family setting (see [6, 10, 21]).
On a qualitative level our results on the strong effect
of exposure are consistent with results from a recent
study of transmission in UK families [5]. In that
study, significant differences in family transmission
rates between serotypes were found. In the current
study we did not find such differences. However, the
method of Melegaro et al. [5] in using different models
for different serotypes makes comprehensive com-
parisons of their results to other studies difficult. Our
result of similar family transmission rates is parallel
to a study of transmission rates within school classes
where differences in conditional acquisition rates
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between two clusters of serotypes (vaccine and non-
vaccine types) were not found [12].

Our result on the lower susceptibility, i.e. lower
rate of acquisition, in adults (mean 0-46, 90% CI
0-44—0-48) is supported by other studies (see [5-7,
9-11]). The overall effect of current carriage is con-
sistent, at least on a qualitative level, with the results
of other studies [5, 16], while due to single serotype
analysis done in [5], exact comparison is again diffi-
cult. This applies also to [16], where a slightly different
model approach was applied to essentially the same
data as ours.

In the current study, the eight most common sero-
types covered only half of the episodes of 43 serotypes
recovered from the index children (Table 1, [15]). The
serotype distribution was thus skewed, which is a
characteristic of most epidemiological studies of
pneumococcal carriage. In the current analysis, the
differences in serotype frequencies were largely at-
tributed to differences in the community rate of ac-
quisition. By contrast, the within-family rates were
quite similar and therefore do not seem to account for
varying serotype frequencies. It thus remains a ques-
tion as to what maintains the skewed distribution
of pneumococcal serotypes in the whole population.
First, it is possible that even small differences in trans-
mission characteristics would yield observable differ-
ences in the population prevalence across different
serotypes. In fact, the estimated credible intervals
of serotype-specific parameters do not hinder such
behaviour. Moreover, our analysis did not allow
serotype-specific estimates of rarer serotypes due to
small number of episodes. These serotypes are likely
to be different from the more common ones. Second,
recent theoretical work on the joint dynamics of
(pneumococcal) strains implies that differences across
serotypes may exist even in the absence of differences
in fitness (e.g. transmission characteristics) [22]. Under
such ‘ecological neutrality’, differences in prevalence
could be present purely due to chance. Finally, it is
known that pneumococcal carriage exhibits temporal
and local microepidemics (see e.g. [13]). This means
that differences in abundance of serotypes reflect
secular trends in any particular study.

Tabulation of crude rates of acquisition as well
as non-parametric estimation of cumulative rates
were used to guide in choosing the structure and
parameterization of the actual transmission model.
For example, the rates of acquisition in children (aged
<5 years) and adults were found to be proportional
in such exploratory analysis (Fig. 3). Another finding


https://doi.org/10.1017/S0950268809991415

870 P. Erdsto and others

from the crude analysis was the lack of interaction
between current carriage and the effect of exposure
(Table 2). Comparison of results of the formal analy-
sis to those from the data exploration also served as
a way of performing model assessment. The magni-
tude of the estimated rates compared well with those
from exploratory analysis. In particular, although the
definition of exposure in the exploratory phase did
not take into account the number of carriers in the
family, the estimated relative rates due to exposure
were similar.

Pneumococcal carriage was observed by repeated
sampling of the state of carriage in the study partici-
pants, with a sampling interval ranging between
10 days to 12 weeks. The episodes of carriage were
subsequently determined for the exploratory analysis
in a way that did not require any specific pattern
of within-sample intervals, although the minimum
possible length of an episode was equal to the mini-
mum sampling interval. The transmission model also
accommodated shorter episodes due to statistical data
augmentation, in agreement with the parametric as-
sumptions of the rates of acquisition and clearance.

Under both phases of data analysis, estimation
of clearance rates may suffer from too infrequent
sampling, which does not allow sensitive detection of
short episodes. Moreover, the observed prevalence of
carriage remained stable at around 50 % throughout
the age range of 1-5 years. This means that it would
be difficult to identify slight trends in age-specific rates
even if they existed.

Exponential distribution has been widely used (e.g.
[4, 5, 12, 23]), although it may allow very short epi-
sodes, not directly supported by the observations.
To achieve model-based augmentation of episodes,
we therefore employed the Weibull distribution with
a given shape parameter (r=2, corresponding to a
coefficient of variation of 0-52, compared to | of the
exponential distribution). An alternative analysis with
the exponential assumption (z=1) resulted in almost
similar estimates of mean durations. The mean dur-
ations in our study broadly correspond to those in [5],
except for serotype 6B which was estimated to be
carried for longer.

The break-off point of 5 years in modelling rates
of acquisition and clearance was chosen because the
point prevalence of pneumococcal carriage in the data
remained at about 50% throughout this age range
[15]. The same age range is routinely used to report
morbidity and mortality in young children, and it is
also often used in epidemiological studies of carriage
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(e.g. [S]). The assumption of a homogeneous rate of
clearance, in particular in the age range >5 years, is
likely to be a crude simplification. However, a more
stratified analysis was not possible with the available
number of episodes in the data.

In summary, we have reported an analysis of a
longitudinal dataset on pneumococcal transmission in
a developed country setting. The main features of
transmission were found to be similar to those in
previous analyses in other settings. Most notably, the
importance of close contacts within families was
reinforced by the current study. However, the ques-
tion remains as to what maintains the diversity
of pneumococcal serotypes in the population. This
question gains weight from the observation that at
least the most common serotypes in the current study
did not appear to differ notably in terms of their
transmission characteristics. It should also to be noted
that the serotypes analysed in the current study in-
cluded only three types (6B, 19F, 23F) that are
components of pneumococcal conjugate vaccines
(PCV). These commonly carried types are generally
known to be opportunistic pathogens. Whether
similar transmission characteristics apply to other
PCV types could not be determined in the current
study. More detailed analyses of epidemiological data
and the dynamics of transmission in a population are
required.

APPENDIX
Likelihood

Assume that at time 7 each individual is either a non-
carrier (i.e. has carriage state ‘0’) or carries one of the
serotypes (1, ...,ny). The transition probability to
move from state r to state s #r over time interval d¢ is

a; (O (r—)dt,

where //(¢) is an indicator of individual i being state r
at time 7. Depending on the values of r and s(#r) we
define

§:0ai(1), r,s>0
o’ ()= o (), r=0
£10(t — taeq), s=0

where &;=1 for a child (aged <5 years), &= for an
adult. Analogously, in the case of clearance (s=0), ¢;
is an age variable taking the values ¢;=1 for a child
and ¢;=0 for an adult. The baseline rate of acqui-
sition (aj(7)) is given by equation (1), and the rate of


https://doi.org/10.1017/S0950268809991415

Multi-type transmission of pneumococcal carriage 871

clearance a’(t—t,.) depends on the time of acqui-
sition of the previous acquisition (serotype r) accord-
ing to the Weibull rate. Denote by 77 the set of times
at which individual i makes transitions from state r to
state s during their family-specific follow-up time
[t and by T,,= |J;_, T the set of all n individuals’
complete data. The likelihood of the complete data 7,
is now

n Ny

ur)=1]

i s=0 r#s 7"

1y I
X exp (— Z / ar S(u)Cf(u)du) ) ,
S5=0 res SO

where Ci(u) denotes the number of carriers of sero-
type r in the family of individual 7 at time u.

Priors

The following non-informative normal priors were
used: B~ N(0-01, 100%), x*~N(0-01, 100%), p*~
N(0-02, 100%), n~N(1, 100%) and 6~ N(1, 100%), all
restricted to positive values only. For competition
parameter 0 a uniform prior (0, 10) for the logarithm
of 6 was used. The possible maximum number of ac-
quisitions of each study participant during the family-
wise follow-up time was set to 50 (for more details,
see [13]).

Statistical inference

Combining the prior with the likelihood allows us to
formulate the posterior distribution of the model
parameters. Sampling from this distribution was done
using a Markov Chain Monte Carlo algorithm, where
the exact number of episodes and their location in
time (set as 7, above) were treated as additional
model parameters.
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