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Abstract

Background: Day-care centre (DCC) attendees play a central role in maintaining the circulation of Streptococcus
pneumoniae (pneumococcus) in the population. The prevalence of pneumococcal carriage is highest in DCC
attendees but varies across countries and is found to be consistently lower in Finland than in Portugal. We
compared key parameters underlying pneumococcal transmission in DCCs to understand which of these
contributed to the observed differences in carriage prevalence.

Methods: Longitudinal data about serotype-specific carriage in DCC attendees in Portugal (47 children in three
rooms; mean age 2 years; range 1–3 years) and Finland (91 children in seven rooms; mean age 4 years; range 1–
7 years) were analysed with a continuous-time event history model in a Bayesian framework. The monthly rates of
within-room transmission, community acquisition and clearing carriage were estimated.

Results: The posterior mean of within-room transmission rate was 1.05 per month (Portugal) vs. 0.63 per month
(Finland). The smaller rate of clearance in Portugal (0.57 vs. 0.73 per month) is in accordance with the children
being younger. The overall community rate of acquisition was larger in the Portuguese setting (0.25 vs. 0.11 per
month), in agreement with that the groups belonged to a larger DCC. The model adequately predicted the
observed levels of carriage prevalence and longitudinal patterns in carriage acquisition and clearance.

Conclusions: The difference in prevalence of carriage (61% in Portuguese vs. 26% among Finnish DCC attendees)
was assigned to the longer duration of carriage in younger attendees and a significantly higher rate of within-room
transmission and community acquisition in the Portuguese setting.

Keywords: Streptococcus pneumoniae, Pneumococcus, Day care, Child, Transmission, Carriage, Prevalence,
Longitudinal studies, Portugal, Finland, Statistical models, Bayesian inference, Data augmentation
Background
Streptococcus pneumoniae (pneumococcus) is one of the
most important bacterial causes of respiratory tract infec-
tions worldwide [1]. While it can cause serious illnesses,
pneumococcus carriage in its ecological niche, the human
nasopharynx, is generally asymptomatic. More than 90
serotypes have been described based on differences in the
polysaccharide capsule [2]. Colonisation by pneumococcus
can occur soon after birth and remains common in the
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first years of life [3], with virtually every child experien-
cing a sequence of colonisation events by alternating
serotypes [4]. Previous statistical epidemiology studies
have found that serotypes compete to some extent for
colonisation, as carriage of a certain serotype interferes
with subsequent colonisation by pneumococcus of a
different serotype [5-10].
Serotype specificities in transmission and competition

parameters are subject to ongoing research and debate
[7,9,11,12]. Cauchemez et al. [11] concluded that there
were no significant differences in rates of acquisition
and clearance between vaccine and non-vaccine serotypes
within school classes in France. Using the same dataset,
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de Cellès et al. [12] reported significant differences in
the rates of acquisition estimated independently for dif-
ferent serotypes while assuming shared clearance rates.
Erästö et al. [7] estimated serotype-specific parameters
simultaneously in Bangladeshi families and concluded
that, while more common serotypes in the study area
were more often acquired from the community, these
differences loose significance when conditioning on expos-
ure within the family. More recently, Lipsitch et al. [9],
focusing on the competitive ability of specific serotypes in
Kenya, reported significant differences in susceptibility to
competition, which appears positively correlated with the
rate of clearance.
Studies that estimate pneumococcal transmission pa-

rameters have either used different models, statistical
frameworks, parametrisations or transmission contexts,
for example families, hospitals or day-care centres (DCCs).
Our aim was to compare two different pneumococcal
settings in Europe, one with high carriage prevalence
(Portugal) and one with low carriage prevalence (Finland)
by estimating pneumococcal transmission parameters using
a single statistical method with data from a common con-
text, in this case, DCCs. We apply a Bayesian data aug-
mentation approach [6,13] to estimate acquisition and
clearance rates in day-care centres in Portugal [14] and
Finland [15]. We assume shared parameters among
serotypes in each country and focus on the comparison
between the two settings.

Methods
The empirical data
Two datasets were employed in this study, both of which
have been described in detail elsewhere [14,15]. For the
first dataset, all children from three rooms (nc = 47) of a
day care centre (DCC) with approximately 150 children
in Lisbon, Portugal, were due to 11 scheduled nasopha-
ryngeal samples with approximately one month sampling
interval from February 1998 to February 1999. No sam-
ples were collected in July and August as the DCC was
closed for the summer break. There were 16, 15 and 16
attendees in the three rooms, with mean age of 2 years
(range 1.2-3.1) at the beginning of the study. Altogether,
80% of the scheduled samples were obtained, resulting
in a total of 416 samples from the three DCC rooms.
Approval for the Portuguese study was obtained from

the Ministry of Education and the director of the day
care centre. Signed informed consent was obtained from
the parents or guardians of all children.
For the second dataset, a portion of attendees (nc = 61)

in all seven rooms in three DCCs with a total of approxi-
mately 150 children in the Tampere region, Finland, were
due to 10 scheduled nasopharyngeal samples with ap-
proximately one month sampling interval from September
2001 to May 2002. In the three DCCs, 25, 18 and 18
children were enrolled, respectively, and 90%, 82% and
99% of the samples were obtained, resulting in a total of
215, 148 and 179 samples. At the beginning of the study,
the mean age of the enrolled children was 4.2 years
(range 1.2-6.6).
In the Finnish study, informed consent was obtained

from parents or guardians of the children. The study was
conducted in compliance with the Helsinki Declaration and
the ethics committee of the Pirkanmaa Hospital District
(PSHP) gave a favourable opinion on the study protocol.
In both studies, calcium alginate swabs were taken

from the deep nasopharynx. Pneumococcal identification
and serotyping was done following routine procedures
as previously described [14,15]. Only one serotype per
positive sample was identified. In the Portuguese dataset,
the genotype and antibiotic resistance of pneumococcal
isolates were also identified but only the serotype infor-
mation is used in the present study. Among the few
clones that were merged into one serotype, most were
segregated in different rooms and represented only few
samples. In a reanalysis of samples from one of the
Finnish day care centres (rooms F1 and F2), samples
were incubated and cultured after an enrichment step.
Pneumococci were identified from both blood and blood
agar with gentamycin plates and serotyped. In addition,
multiple serotypes were searched directly by the
Quellung method [16].

Transmission model
We modelled transmission dynamics of pneumococcal
serotypes in children as previously described [6,13].
Children were assigned a state corresponding to their
carriage status. Thus, at any given time, a child was ei-
ther a non-carrier (state s = 0) or carrier of one of the ns
serotypes (state s ∈ {1, . . ., ns}). The rate of acquisition
was taken to depend on the prevalence of pneumococci
in the DCC room as well as on exposure from outside
the room. We assumed that a carrier could only acquire
serotypes different from the currently colonising sero-
type and that the rate of acquisition may be affected by
current carriage. All serotypes were assumed to share
the same acquisition and clearance rates.
For a non-carrying child i, the rate of acquisition of

serotype s at time t was defined as

αsi tð Þ ¼ βCs
i tð Þ

ni � 1
þ κ

where ni is the number of attendees in the room of the
child and Cs

i tð Þ is the number of carriers of serotype s in
his/her room just before time t. Parameter β is the rate
at which one carrier transmits carriage to other children
in the room. Parameter к is the community force of in-
fection (per serotype), which can be interpreted as the
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part of acquisition rate which cannot be assigned to ob-
served exposure within the room.
For an individual currently carrying pneumococcus, the

rate of acquisition was multiplied by a competition param-
eter (relative rate) φ. The clearance rate within child i was
modelled using a Weibull hazard with shape parameter ρ

and rate parameter μ : α0i tð Þ ¼ ρμρ t � tacqi

� �ρ�1
, where

tacqi is the acquisition time of the carriage episode. The
shape parameter ρ of the Weibull distribution was set to
value 3 to prefer carriage episodes with lengths close to
the mean over very short carriage episodes. In particular,
with this choice the median and mean of the Weibull
distribution are approximately the same. In summary, the
hazard rate for child i moving from state r to state s at
time t was defined as

αr;si tð Þ ¼

αsi tð Þ; if r ¼ 0; i:e: for acquiring serotype
s when non� carrier;

φαsi tð Þ; if r; s > 0; i:e: for acquiring serotype
s when carrier of serotype r;

α0i tð Þ; if s ¼ 0; i:e: for clearing carriage
of any serotype r:

8>>>>><
>>>>>:

ð1Þ

The Portuguese DCC data referred to children from
three rooms. Due to the clear temporal separation
caused by the summer break, these were analysed as 6
rooms (3 rooms before and 3 rooms after the summer
break). The Finnish children corresponded to a total of 7
rooms (2, 3 and 2 rooms the three DCCs). For simpli-
city, we only specified exposure and transmission within
the same room and considered transmission between
rooms as part of the general community exposure.
Exposure from the community was assumed to remain

constant during the study period. The number of sero-
types (ns) the children were at risk of acquiring from
contacts with people outside the rooms was assumed to
be constant and equal to the total number of observed
serotypes in the dataset (14 in Portugal, 20 in Finland).
This choice affects the estimates of community acquisi-
tion rates per serotype but has negligible effect on the
overall rate of community acquisition.

Statistical methods
Adopting a Bayesian latent process approach, a likelihood-
based estimation of the model parameters θ = {β, κ, μ, φ}
was applied using the same algorithm and setup as Hoti
et. al [6] with a new modification which handles the left
censoring of the first episodes of carriage at the start of
the follow-up (see below). A Markov chain Monte Carlo
(MCMC) algorithm was constructed to sample from the
joint posterior distribution of the model parameters and
carriage histories (unobserved events) compatible with the
observed data, including the carriage histories of children
with completely missing data (59% of attendees in the
Finnish dataset; no child had completely missing data in
the rooms of the Portuguese dataset).
Given the carriage histories, i.e. the initial state of car-

riage and all times at which the state changes for all the
children in the rooms, the complete data likelihood can
be calculated. For child i, let Tr;s

i denote the set of times
the carriage status changes from state r to state s in the
time interval ]tmin, tmax], where tmin is one day before
the first nasopharyngeal sample and tmax is the day after
the last nasopharyngeal sample is taken in the dataset.
Let Ti ¼ Tr;s

i : r; s ¼ 1; . . . ; ns
� �

be the collection of all
times child i changes carriage status. The likelihood
function of the model parameters θ, based on data from
nc individuals on the time interval ]tmin, tmax] and
defined by model (1), is

p
�
T1; . . . ;Tnc

��θ� ¼
Ync
i¼1

Yns
s¼0

Y
r≠s

Y
t∈Tr;s

i

αr;si tð Þ
0
@

1
A

� exp �
Xnc

i¼1

Xns
s¼0

X
r≠s

Ztmax

tmin

αr;si uð Þ Iri uð Þdu
0
@

1
A

where Iri uð Þ is the indicator function of child i being in
state r just before time u.
The prior for each of the rate parameters (β, к, μ) was

taken to be Normal with mean 0 and standard deviation
100, restricted on positive values, independently of the
other parameters. The prior for φ was assumed to be
Exponential with scale parameter 1/ln(2), corresponding to
equal a priori probabilities for this parameter to be less or
more than one.
In our model, the hazard of clearing carriage depends

on the time of acquisition. Therefore, assuming that
those found as carriers at the beginning of the follow-up
had just started carrying may bias the estimation of the
clearance rate as the durations of these episodes of
colonisation appear shorter than they should. To correct
for such left censoring of initial episodes of carriage at
tmin, we included the unobserved length ℓ of the carrying
time preceding time tmin into the model. The preceding
time ℓ was assigned an Exponential prior distribution
with mean 60 days. Sampling of ℓ was done by propos-
ing a new value from the prior distribution and then
accepting or rejecting it according to the Metropolis-
Hastings algorithm. Since the proposal distribution was
taken to be the same as the prior distribution, the
acceptance ratio depended only on the complete data
likelihood ratio.
The joint posterior distribution was defined as the

product of the prior probabilities and the complete
data likelihood (cf. [6]). Three separate MCMC chains
of length 200,000 were realised for both datasets. The
convergence was checked by inspection of the trace
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plots (Figure 1). After discarding 10,000 initial itera-
tions from each chain, the posterior distribution was
investigated from the combined 570,000 iterations,
separately for the two datasets. Parameter estimates
were given in terms of their posterior means and 90%
credible intervals.
Figure 1 Trace plot for the Markov chain Monte Carlo samples. A. Por
presented. The horizontal lines present the crude estimates of the paramet
likelihood of the parameter (sample) values, based on the children’s curren
Crude estimates
For comparison, crude estimates of the model parame-
ters were calculated. These estimates were derived from
a simplified model of acquisition and clearance by as-
suming that children acquired or cleared pneumococcus
at most once between any two consecutive visits one
tuguese data. B. Finnish data. Three independent Markov chains are
ers. The log-likelihood at each iteration is calculated from the joint
t (augmented) histories.



Table 1 Numbers of carriage samples and pneumococcal isolates by day-care room

Portugal Finland

DCC1 DCC2 DCC3

P1 P2 P3 F1 F2 F3 F4 F5 F6 F7 Total:

Number of children enrolled
(/attendees)

16 (/16) 15 (/15) 16 (/16) 8 (/12) 17 (/22) 5 (/19) 5 (/21) 8 (/28) 12 (/23) 6 (/22) 108
(/194)

19F 38 24 26 0 0 3 8 3 0 0 102

23F 6 30 3 0 0 0 0 0 0 0 39

6B 6 0 23 0 1 0 1 0 0 0 31

14 1 8 13 0 0 0 1 1 0 2 26

9V 7 0 1 6 12 0 0 0 0 0 26

19A 6 7 1 4 4 0 0 0 0 0 22

3 0 0 0 0 12 2 0 0 4 3 21

10A 7 4 9 0 0 0 0 0 0 0 20

18C 0 0 0 0 0 0 0 0 18 2 20

15B/C 0 0 0 0 4 0 1 5 4 3 17

Non-typeable 4 3 8 0 0 0 0 0 0 0 15

11A 5 0 0 0 1 0 4 0 2 2 14

35F 0 0 0 0 5 0 0 2 0 0 7

16F 2 0 3 0 0 0 0 0 0 0 5

18F 2 3 0 0 0 0 0 0 0 0 5

22 0 0 0 0 0 2 3 0 0 0 5

38 0 0 0 0 3 0 0 0 0 0 3

15A 2 0 0 0 0 0 0 0 0 0 2

33 0 0 0 1 1 0 0 0 0 0 2

6A 0 0 0 0 1 0 0 1 0 0 2

10 0 0 0 1 0 0 0 0 0 0 1

16 0 0 0 0 1 0 0 0 0 0 1

18B 0 0 0 0 0 1 0 0 0 0 1

23B 0 0 1 0 0 0 0 0 0 0 1

35B 0 0 0 0 0 0 0 0 0 1 1

7 0 0 0 0 0 0 0 0 1 0 1

8 1 0 0 0 0 0 0 0 0 0 1

9N 0 0 0 0 0 0 0 0 1 0 1

Total isolates (% samples) 87
(64%)

79
(64%)

88
(57%)

12
(17%)

45
(31%)

8
(16%)

18
(37%)

12
(24%)

30
(25%)

13
(22%)

392

Negative samples 50 45 67 60 98 42 31 37 89 46 565

Total samples 137 124 155 72 143 50 49 49 119 59 957

The Portuguese day-care centre had three rooms (P1, P2, P3) and the three Finnish day-care centres (DCC1, DCC2, DCC3) had altogether 7 rooms (F1,. . .,F7).

Pessoa et al. BMC Infectious Diseases 2013, 13:180 Page 5 of 13
http://www.biomedcentral.com/1471-2334/13/180
month apart and that the events could take place only
at the end of each one-month time period. Crude esti-
mates of rates were calculated by dividing the appropri-
ate numbers of events (acquisition or clearance) by the
respective person-time at risk for the event in question,
as summarised in the Appendix (see also [13]).

Model checking
To check the model fit, data were simulated from
model (1) based on a subsample of size 30,000 from
the posterior of parameters θ. For each of the rooms,
the transmission process was simulated for the total
number of attendees in the room, with the initial states
sampled from the overall state distribution in the
respective dataset. The process was simulated for one
year, following which monthly samples were taken
from all children, corresponding to the number of
visits in that room in the dataset. The posterior pre-
dictive distributions of the prevalence and crude esti-
mates of the transition rates were then compared to
the actually observed prevalence and crude rates. For
simplicity, the transitions relating to acquisition were
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not adjusted for exposure within DCC rooms in this
analysis.
Results
Data summaries and exploratory analysis
Table 1 summarises the total numbers of isolates and
samples in the two datasets. The average prevalence of
pneumococcal carriage was 61% (57%–64% in the 3
rooms, over the whole year) and 26% (16%–37% in the 7
rooms) in the Portuguese and Finnish datasets, respect-
ively. Among the 254 positive samples (isolates) from the
Portuguese DCC, 14 serotypes were identified, whereas 20
serotypes were identified among the 138 isolates from the
Finnish DCCs. Only six serotypes were found in both
datasets. The most common serotypes (with >10% of
isolates) were 19F, 23F and 6B in the Portuguese dataset
and 3, 18C, 9V, 15B/C and 19F in the Finnish dataset.
Figure 2 shows the serotype distribution when the

solates were ranked from the most common to least
common one, separately for each room. The distribu-
tions are clearly skewed, with the most common
Figure 2 Serotype distribution within day-care rooms. In each
room, serotypes are ranked from the most common to the least
common one. There are 3 rooms (P1, P2, P3) in the Portuguese and
seven rooms (F1,. . .,F7) in the Finnish datasets, respectively. The
actual identity of each of the serotypes per room can be retrieved
from Table 1.
serotypes in the room accounting for the majority of
the isolates in that room.
Figure 3 shows the longitudinal patterns in the ob-

served numbers of isolates per room. Tables 2 and 3
present the observed numbers of one-month transitions
in the Portuguese and Finnish datasets, respectively.

Based on these data, the crude transmission rates β̂
were 0.54 and 0.26 (per month) in the Portuguese and
Finnish datasets, respectively. The overall crude rate of
community acquisition ns κ̂ð Þ was 0.25 and 0.11 (per
month) for Portugal and Finland, respectively. Thus,
pneumococcal transmission appeared much stronger in
the Portuguese dataset, both within the rooms and from
the outside community. The Portuguese DCC attendees
also appeared to clear colonisation slower than their
Finnish counterparts, with a crude rate of clearing carriage
μ̂ of 0.33 (per month) in Portugal and 0.54 (per month) in
Finland. The crude estimates of the competition param-
eter φ̂ were 0.80 and 1.14 based on the Portuguese and
Finnish datasets, respectively.
When data from rooms F1 and F2 were reanalysed with a

more sensitive method of detecting pneumococcal carriage,
the proportion of positive samples increased from 27% (57/
215) to 29% (62/215). The proportion of multiple carriage,
i.e. samples with more than one isolate was 13% (8/62).
Adjusted analysis
Table 4 presents the posterior estimates of the four
model parameters (see also Figure 4). The main findings
are similar to those based on the crude estimates. The
posterior mean transmission rate was almost double in
Portugal (1.05 per month) compared to Finland (0.63
per month) with non-overlapping 90% credible intervals
(0.82-1.31 vs. 0.47-0.79). The overall posterior mean
community rate of acquisition was double in Portugal as
compared to Finland (0.25 vs. 0.12 per month) with
non-overlapping 90% credible intervals (0.18-0.34 vs.
0.09-0.15). The posterior mean of the clearance rate was
lower in Portugal (0.57 per month) than in Finland (0.73
per month), but the difference was smaller than between
the crude estimates. In general, the higher rates of clearance
and transmission found in the full model, as compared to
the crude estimates, means that the model allowed some
events of acquisition and clearance to occur in between the
visits even without direct observations in the samples. The
posterior probability for the competition parameter (φ) to
be less than one was 100% and 85% in the Portuguese and
Finnish datasets, respectively. The posterior means were 0.51
and 0.67.
Model checking
Based on the posterior sample of the model parameters,
the posterior predictive mean prevalence of pneumococcal



Figure 3 Observed numbers of isolates for the most common serotypes by day-care room and visit. For each room, only serotypes
responsible for more than 20% of positive samples in that room are shown. The numbers of enrolled children in each room are indicated in
the parentheses.
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carriage was 64% in Portugal (90% predictive interval be-
tween 56% and 72%) and 27% in Finland (90% predictive
interval 19%–35%) (Figure 5A). These corresponded well
to the observed values (61% in Portugal and 26% in
Finland). The predictive crude transition rates were also in
accordance with the rates calculated directly from the data
(Figures 5B-D).

Discussion
In this article we explored what determines the prevalence
of pneumococcal carriage in two European day-care set-
tings. Parameters related to pneumococcal transmission
were estimated from longitudinal studies conducted in
Portugal and Finland. Differences in rates of transmission
and clearance of carriage were identified as the main de-
terminants of the observed differences in prevalence (61%
in Portugal vs. 26% in Finland). Although the two studies
differed in the ages of enrolled children (mean age of 2
years in Portugal vs. 4 years in Finland), this does not
explain the whole extent of the prevalence difference since
other studies have reported carriage levels higher than
60% among Portuguese children of age 4 years [17] and
less than 40% in Finnish children of age 2 years [4]. In
particular, pneumococcal transmission appears stronger in
the Portuguese setting irrespective of age.
Both the rate of within-room transmission (1.05 vs. 0.63
per month) and community acquisition (0.26 vs. 0.12 per
month) were twice as high in Portugal than in Finland.
Cultural differences could explain the higher within-room
intensity of transmission in Portugal, for example a lon-
ger time spent indoors or at the DCC. In both settings,
children from the same DCC spent time together in the
playground. Since we considered each of the DCC
rooms separately, transmission between rooms of the
same DCC would appear as community acquisition.
Thus, the higher community acquisition in Portugal was
probably a consequence of the Portuguese study sub-
jects attending a larger DCC than children in any of the
Finnish DCCs in this study. The credible intervals for
the within-room transmission and outside acquisition
were wide due to the strong (posterior) correlation be-
tween these two parameters: high within-room transmis-
sion together with low community exposure was as likely
as vice-versa.
From the same dataset of Finnish DCCs, but comple-

mented with samples from the children’s families, Hoti
et al. [6] estimated a slightly lower within-DCC transmis-
sion rate of 0.53 per month and a within-family transmis-
sion rate of 0.36 per month. A study of pneumococcal
transmission in U.K. families, however, estimated a higher



Table 2 Acquisition and clearance of Streptococcus pneumoniae carriage in a day-care centre in Portugal, 1998–1999

Clearance Acquisition in non-carriers Acquisition in carriers

Target serotype Exposure1 Events Person-time2 Events Person-time3 Events Person-time4

19F Yes 19 58 17 96 5 85

No 2 2 3 19 0 20

23F Yes 10 23 10 47 2 54

No 1 3 2 68 1 85

6B Yes 2 13 5 44 5 61

No 3 7 2 71 3 84

14 Yes 2 10 3 17 6 27

No 0 0 2 98 4 128

10A Yes 2 11 1 27 1 44

No 2 2 4 88 5 108

19A Yes 3 7 1 33 0 37

No 2 4 2 82 2 117

NT Yes 1 5 1 44 3 52

No 1 6 1 71 3 102

16F Yes 0 0 0 18 0 21

No 1 2 2 97 3 142

18F Yes 1 1 1 4 0 7

No 0 0 1 111 2 157

11A Yes 0 0 0 13 1 25

No 2 3 0 102 0 137

23B Yes 0 0 0 6 0 4

No 1 1 1 109 0 160

9V Yes 0 2 0 21 1 34

No 0 4 1 94 0 125

15A Yes 0 0 0 4 0 7

No 0 1 1 111 0 157

8 Yes 0 0 0 0 0 0

No 0 0 0 115 1 165

Total: Yes 40 130 39 374 24 458

No 15 35 22 1236 24 1687

55 165 78 1610 48 2145

The crude estimates of the model parameters are (cf. Appendix): the transmission rate β̂ ¼ 39� κ̂ � 374ð Þ=60:18 ¼ 0:54 (per month); the community acquisition
rate per serotype (in non-carrying children) κ̂ ¼ 22=1236 ¼ 0:018 (per month); the clearance rate of carriage μ̂ ¼ 55=165 ¼ 0:33 (per month); the competition
parameter φ̂ ¼ 24=1687ð Þ= 22=1236ð Þ ¼ 0:80. For parameter β, the denominator (60.18) is not directly readable from the data as presented in the table. Only
samples available from two consecutive visits were considered, accounting for 67% of the scheduled pairs of consecutive visits. The three rooms were analysed as
six rooms, separated by the summer break.
1 Exposure is here defined as the presence of at least one carrier of the target serotype in the other attendees in the room.
2 Person-time here is the total time, in months, spent carrying pneumococcus overall (total row) or a specific serotype (serotype rows) stratified by the presence
or absence of other carriers of the specific serotype.
3 Person-time here is the total time, in months, spent as a non-carrier, stratified by exposure to the specific serotype. For the total row, the time is a sum of
serotype-specific person-times.
4 As in 2 but for children carrying pneumococcus.
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within-family transmission rate of 1.41 per month [18].
Three previous studies have reported only small differ-
ences in transmission rates across different serotypes
[7,11,12]. The transmission rates within families varied
between 0.64 and 0.84 per month (Bangladesh) [13] and
within DCCs between 1.04 and 1.18 [12] and between
1.38 and 1.53 [11] (France). The two French studies may
have over-estimated the transmission rates, since the first
[12] assumed a fixed duration of carriage of 28 days, and
the second [11] assumed that carriage needs to be cleared
before colonisation by another serotype.
The duration of carriage (here defined as time until im-

mune clearance, cf. [9]) was found to be longer in Portugal
(estimated mean 47 days) than in Finland (37 days). The
shorter duration in older children (mean age 4 years in
Finland vs. 2 years in Portugal) is in agreement with



Table 3 Acquisition and clearance of Streptococcus pneumoniae carriage in 3 day-care centres in Finland, 2001–2002

Clearance Acquisition in non-carrying children Acquisition in carrying children

Target serotype Exposure1 Events Person-time2 Events Person-time3 Events Person-time4

9V Yes 7 12 7 56 1 14

No 3 3 6 300 1 83

18C Yes 7 16 9 87 0 11

No 4 4 1 269 0 81

3 Yes 1 3 6 105 1 30

No 8 11 4 251 0 68

15BC Yes 1 4 1 77 0 19

No 5 12 7 279 0 77

19A Yes 4 5 0 35 0 8

No 3 3 2 321 0 96

19F Yes 2 3 1 28 1 8

No 2 8 2 328 1 93

11A Yes 2 2 0 18 0 8

No 0 4 1 338 5 98

14 Yes 0 0 0 12 0 5

No 3 4 2 344 1 103

35F Yes 0 1 1 40 0 13

No 1 3 1 316 2 95

38 Yes 0 0 0 24 0 13

No 2 3 2 332 0 96

22 Yes 0 0 0 20 0 0

No 1 5 0 336 2 107

33 Yes 0 0 0 0 0 0

No 0 0 2 356 0 112

6A Yes 0 0 0 8 0 6

No 1 1 1 348 0 105

6B Yes 0 0 0 12 0 7

No 1 2 1 344 0 103

7 Yes 0 0 0 9 0 1

No 1 1 1 347 0 110

10 Yes 0 0 0 4 0 2

No 1 1 0 352 0 109

18B Yes 0 0 0 3 0 1

No 1 1 0 353 0 110

35B Yes 0 0 0 0 0 0

No 0 0 1 356 0 112

9N Yes 0 0 0 0 0 0

No 0 0 1 356 0 112

165 Yes 0 0 0 7 0 4

No 0 0 0 349 0 108
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Table 3 Acquisition and clearance of Streptococcus pneumoniae carriage in 3 day-care centres in Finland, 2001–2002
(Continued)

Total: Yes 24 46 25 545 3 150

No 37 66 35 6575 12 1978

61 112 60 7120 15 2128

The crude estimates of the model parameters are (cf. Appendix): the transmission rate β̂ ¼ 25� κ̂ � 545ð Þ=85:26 ¼ 0:26 (per month); the community acquisition
rate per serotype (in non-carrying children) κ̂ ¼ 35=6575 ¼ 0:005 (per month); the clearance rate of carriage μ̂ ¼ 61=112 ¼ 0:54 (per month); the competition
parameter ϕ̂ ¼ 12=1978ð Þ= 35=6575ð Þ ¼ 1:14. For parameter β, the denominator (85.26) is not directly readable from the data as presented in the table. Only
samples from two consecutive visits were considered (85% of the scheduled pairs of consecutive visits).
1 Exposure is here defined as the presence of at least one carrier of the target serotype in the other attendees in the room.
2 Person-time here is the total time, in months, spent carrying pneumococcus overall (total row) or a specific serotype (serotype rows) stratified by the presence
or absence of other carriers of the specific serotype.
3 Person-time here is the total time, in months, spent as a non-carrier, stratified by exposure to the specific serotype. For the total row, the time is a sum of
serotype-specific person-times.
4 As in 2 but for children carrying pneumococcus.
5 Sampled only once in a child which was missing at the next visit.
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previous analyses [9,19]. Serotype 19 F [9,13] and serotype
6B [9] are typically found to be carried much longer. The
fact that these serotypes were common in the Portuguese
dataset but almost non-existent in the Finnish may have
contributed to the estimated difference in the rates of
clearance.
Similar durations of carriage were found in other studies

with children under 3 years old, 48 days in Danish DCCs
[8] and 51 days in English households [18]. Serotype-
specific durations of carriage in Bangladeshi infants up to
1 year of age were estimated between 43 and 48 days for
all serotypes except for 19 F, which was estimated to be
carried on average 62 days [13]. Lipsitch et al. [9], who
also estimated serotype-specific parameters, estimated
the duration of carriage between 28 and 123 days. The
mean duration decreased with age, 105 days in children
less than 2 years old and 29 days in children between
3.5 and 5 years old.
Current carriage was found to reduce the subsequent

acquisition rate by a factor of 0.5 in Portugal and 0.7 in
Finland. The estimation of this competition parameter
(φ), however, was sensitive to the choice of the prior dis-
tribution. In particular, the analysis warranted for a small
prior probability for values very close to zero. In the
current analysis the competition parameter was included
mainly to adjust for possible confounding effects on
Table 4 Estimates of the model parameters

Portuga

Crude

Mean

Transmission rate (β) 0.54 1.05

Overall community acquisition rate (ns к) 0.25 0.25

Clearance rate (μ) 0.33 0.57

Competition (ϕ) 0.80 0.51

Crude estimates and posterior means and 90% credible intervals (CI) for the four m
presented per month. The mean durations of carriage (time until immune clearance
1.9 months for the Portuguese and Finnish datasets, respectively. Based on the adju
1.6 months in Portugal (90% CI: 1.4-1.8 months) and 1.2 months in Finland (90% CI
acquisition by concurrent carriage. More data on the fre-
quency of multiple carriage and more frequent sampling
would have been necessary to learn adequately about
competition [20].
The overall prevalence of pneumococcal carriage in

the Finnish dataset was low, even when a more sensitive
method of detecting pneumococcal carriage was applied
on samples from one of the day care centres. Moreover,
the proportion of multiple carriage in these samples
(13%) was comparable to that in another study (10%)
using the same detection method in day care children
[16], although the prevalence in our study was clearly
smaller (29% vs. 58%). This suggests that a low level of
multiple carriage does not explain the lower prevalence
and transmission rates in the Finnish data, although we
did not have similar data from the Portuguese setting in
this study. Moreover, it appears natural to assume that
the dominant serotype is the one most likely transmitted
as well as detected by sampling.
Although the prevalence of carriage and the total num-

ber of isolates were lower in Finland, the number of differ-
ent serotypes was clearly larger in any of the Finnish
DCCs than in the Portuguese DCC. The Portuguese
children were on average younger than their Finnish
counterparts (2 vs. 4 years), which could have affected
the diversity of carriage: younger children carry the
l Finland

Adjusted Crude Adjusted

(90% CI) Mean (90% CI)

(0.82; 1.31) 0.26 0.63 (0.47; 0.79)

(0.18; 0.34) 0.11 0.12 (0.09; 0.15)

(0.51; 0.65) 0.54 0.73 (0.66; 0.81)

(0.30; 0.77) 1.14 0.67 (0.22; 1.26)

odel parameters from the adjusted (full) model. The rate parameters are
) corresponding to the crude exponential clearance rates are 3 months and
sted analysis and the Weibull clearance rates, the mean durations are
: 1.1-1.4 months).



Figure 4 Posterior distributions of the model parameters. The rate parameters are presented per month.
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common paediatric types while older children and
adults carry a wide variety of rarer serotypes. Cobey
et al. [10] found an increase in the diversity of carriage
with age. The Finnish DCCs were also more scattered in
the outskirts of an urban area, such that there was prob-
ably no transmission between the DCCs and clear
Figure 5 Model checking. The figure presents the posterior predictive dis
(panel B: acquisition in non-carriers; panel C: acquisition in non-carriers; pan
prevalence and crude transition rates. Note that the acquisition rates are no
serotype clustering occurred, with rare serotypes being
exceptionally prevalent in samples from individual
DCCs [6]. The Portuguese DCC was more connected to
the community and other DCCs and, as such, more
mixing could occur within and across DCCs resulting in
less clustering of serotypes.
tributions of carriage prevalence (panel A) and crude transition rates
el D: clearance). The vertical lines show the actually observed carriage
t conditioned on exposure (panels B and C).
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Not all children in the studied DCCs were sampled.
This may have caused some bias, especially in one of
Finnish DCCs in which only 26% of children were sam-
pled. In the Portuguese DCC, only three rooms were in-
cluded, corresponding to 22% of the children in the
DCC. Although this ensured homogeneous ages among
the study subjects, the sample may not be representative
of the DCC as a whole. On the other hand, one month
may be too long a sampling interval, especially for the
Portuguese setting, in which the prevalence and the
rates of transmission and community acquisition were
higher. The optimal spacing between observations has
been determined for a binary model, i.e. considering
only carrier and non-carriers as possible states, and var-
ied between 1 month for very low prevalence settings
and 1 week in very high prevalence settings [21]. Never-
theless, the prevalence of carriage implied by the esti-
mated parameters was close to the observed, and may
be a good representation of the transmission dynamics.
It would be interesting to replicate the study reported
here to a larger set of comparable longitudinal studies
from different prevalence contexts or countries so as to
gain a better understanding of pneumococcal transmis-
sion differences.

Conclusion
We were successful at estimating realistic parameters
for pneumococcal transmission, which were comparable
among themselves and compatible with observed preva-
lences in two European settings (61% in Portuguese vs.
26% in Finnish day care children). The force of transmis-
sion in Portuguese children was found to be significantly
higher than in the Finnish children. The community rate
of acquisition, affected by the community structure, was
also found higher in the Portuguese setting. The difference
in carriage was explained by the higher rates of trans-
mission and community acquisition as well as a lower
rate of clearing carriage in younger DCC attendees in
the Portuguese data.

Appendix
Here we derive crude estimates for the four model

parameters. Let ng be the number of groups, n gð Þ
v the

number of visits in group g ∈ {1, . . ., ng}, and n gð Þ
c the

number of children in the group. For visit v, let Nr;s
v

denote the observed number of children who were in
state r at visit v and in state s at visit v + 1. The total
number of transitions from r to s is then the sum over

all visits in all groups: Nr;s ¼
Xng
g¼1

Xn gð Þ
v �1

v¼1

Nr;s
v . Let us also

consider these numbers stratified by exposure to
serotype q: Nr,s (q+) and Nr,s (q−), where exposure is
defined as presence of the serotype q in the room at the
time of transition. The total number of samples of

serotype r is Nr ¼
Xns
x¼0

Nr;x . Stratified by exposure to

serotype q, the total numbers of samples of serotype r are
denoted by Nr (q+) and Nr (q−).
A crude estimate of the rate of clearing pneumococcus μ̂ is
the observed number of clearance events divided by the

total person-time spent carrying: μ
∧ ¼

Xns
r¼1

Nr;0=
Xns
r¼1

Nr: A

simple crude estimate κ̂ for the community acquisition
rate can be calculated from acquisition events in
non-carrying children without (within-room) exposure:

κ
∧
¼

Xns
s¼1

N0;s s�ð Þ
,Xns

s¼1

N0 s�ð Þ: For the transmission rate, a

crude estimate β̂ is derived from acquisition events in non-
carrying children with exposure:

β
∧
¼

Xns
s¼1

N0;s sþð Þ � κ̂
Xns
s¼1

N0 sþð Þ

Xng
g¼1

Xn gð Þ
v �1

v¼1

Xns
s¼1

Ns
v

n gð Þ
c � 1

N0 sþð Þ
v

:

This expression is adjusted for exposure from the
outside community (the second term in the numerator)
and from the children in the group (the denominator; cf.
Erästö et al., Stat Medicine, 2012), where Ns

v is the

number of carriers of serotype s at visit v and n gð Þ
c is the

number of children in the group. Finally, a crude
estimate φ of the competition parameter can be calculated
as the ratio between the rate of community acquisition in
non-carriers vs. carriers, both of which are not affected by
the within-room exposure. The community rate of
acquisition for non-carriers is the above-mentioned κ̂ . For
carrying children, it is

κ̂ carriers ¼

Xns
r¼1

X
s¼1;
r≠s

ns

Nr;s s�ð Þ

Xns
r¼1

X
s¼1;
r≠s

ns

Nr;s s�ð Þ

So the estimate for the competition parameter is

φ̂ ¼ κ̂ carriers

κ̂ .
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