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SUMMARY

This paper analyses Streptococcus pneumoniae transmission dynamics in households using

longitudinal data on pneumococcal (Pnc) carriage in the United Kingdom. Ten consecutive

swabs were taken at 4-week intervals from all members of 121 households. The family status is

derived from the observed Pnc carriage status of each family member. Transition matrices are

built for each family size and composition containing the observed frequency of transitions

between family statuses over a 28-day interval. A density-dependent transmission model is fitted

to derive maximum-likelihood estimates of the duration of carriage and acquisition rates from the

community and from infected individuals within the household. Parameter values are estimated

for children (<5 years) and adults (5+ years). The duration of carriage is longer in children

<5 years of age than in older family members (51 vs. 19 days). Children are 3–4 times more

likely than adults to acquire Pnc infection from the community. Transmission rates within the

household suggest that adults are more infectious but less susceptible than children. Transmission

within the household is most important in large families. The proportion of household-acquired

infection ranges from 29 to 46% in households of three persons to 38–50% in larger households.

Evidence of density-dependent within-household transmission is found, although the strength of

this relationship is not clear from the model estimates.

INTRODUCTION

Background

Streptococcus pneumoniae is one of the most import-

ant bacterial pathogens in respiratory tract infections,

affecting children and adults worldwide despite cur-

rent antibiotic therapies [1, 2]. It is responsible for

causing upper respiratory infections which may lead

to ear infections and sinusitis, as well as more serious

invasive disease such as pneumonia, septicaemia and

meningitis [3, 4]. Pneumococcus is the leading cause

of lobar pneumonia in children under 5 years of

age [5].

The bacterium gains entry into the host by col-

onizing the nasopharynx and the outcome of coloniz-

ation depends on both the virulence of the colonizing

serotype and the efficiency of the host immune system.

The interval between colonization and onset of dis-

ease, when it occurs, is variable, but there is some

evidence that disease is more likely to occur shortly

after colonization [6]. However, most of pneumo-

coccal (Pnc) infections remain asymptomatic and

S. pneumoniae is considered a common component of

the nasopharyngeal flora in healthy individuals.
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Transmission from a person infected with pneumo-

coccus is via droplets of respiratory secretions that

remain air-borne over a distance of a few feet. The

infecting organism may also be carried on hands

contaminated with secretions. As the majority of Pnc-

infected individuals remain asymptomatic, carriage

data are needed in order to gain an in-depth under-

standing of Pnc transmission dynamics.

A heptavalent protein–polysaccharide conjugate

vaccine has been licensed in the United Kingdom and

it is now recommended for children at high risk under

the age of 2 years. The vaccine has been proven to be

highly effective against invasive Pnc disease [7] and

moderately effective against non-invasive Pnc con-

ditions (otitis media, pneumonia) [8–10]. Moreover,

some efficacy against Pnc carriage has been shown

[11], although there are still concerns about whether

serotype replacement will occur if vaccination is

widely introduced and what effects this will have on

the severity of the disease. Baseline information on

the transmission dynamics of Pnc carriage in the pre-

vaccination era is thus necessary to predict the effects

of interventions such as the introduction of the vac-

cine on disease burden.

Previous work

Longitudinal carriage studies have been performed

to gain insight into the pathogen’s mechanism of

carriage and transmission within hosts. In this type

of study, individuals are swabbed at regular intervals,

their carriage status is assessed and inference on their

rate of acquisition and on the duration of carriage

can be obtained. Smith et al. [12] using longitudinal

carriage data collected in Papua New Guinea found

that Pnc serotypes vary widely in their acquisition

rates and in the length of time for which they persist.

An inverse relationship between duration of carriage

and age was shown by Ekdahl et al. [13] who studied

Pnc carriage using data from an intervention project

in Sweden. A similar relationship was found by

Auranen et al. [14] who analysed longitudinal data on

Pnc carriage in Finnish families taking into consider-

ation transmission within the family and from the

community and estimating acquisition rates and dur-

ation of carriage for children and adults.

The problem

The aim of this work is to analyse data from a longi-

tudinal carriage study in families in the United

Kingdom thereby gaining insights into Pnc trans-

mission dynamics in the pre-vaccination era. In par-

ticular, to estimate the duration of carriage for adults

and children, and the rate of acquisition of carriage

from the community and from infected family

members.

METHODS

Description of the data

The dynamics of Pnc transmission within families

were captured by a longitudinal study of Pnc car-

riage conducted in the United Kingdom from October

2001 to July 2002 as part of the European Pneumo-

coccal Project (PncEuro) [15]. The data consisted of

follow-up measurements of Pnc carriage of 132 pre-

school children (<3 years) and their families, who

were enrolled through primary health-care registers

in Hertfordshire [15]. The size of the family varied

from 2 to 7, although in most of the families there

were 3 or 4 members.

From each family member, a nasopharyngeal

swab was obtained at initial home visit and followed

by 9 further swabs at 4-week intervals. As a pre-

vious study [13] suggested that duration of carriage

might be less than 28 days, especially in adults,

it is possible that not all episodes of carriage will

be observed from the data. Although serotyping was

performed when Pnc carriage was detected, this

analysis considers Pnc carriage in general and, thus,

is only looking at whether or not the individual is

carrying the bacteria. As there were only three cir-

cumstances in which two serotypes were found in

the same individual at the same time, the model

is based on the assumption that simultaneous car-

riage of different serotypes is rare enough to ignore

initially.

A total of 121 families comprising 489 individuals

were considered in this analysis. 11 families dropped

out from the study at the very beginning. For each

individual that took part in the study, the carriage

status at each monthly visit was obtained from the

data and then recoded as 0, if non-carrier, 1 if carrier

and 9 when either the swab was not taken or the

laboratory result not reported. The household state

at each visit is derived combining the carriage status

of all the family members and results in a sequence

of 0s and 1s if their information is complete. Missing

information on at least one family member results

in incomplete information at the household level
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and, thus, a missing value code. Family sequences

are organized so that the last number represents the

status of the youngest member of the family. Due to

the strong association that has been shown in other

studies [13, 14] between Pnc carriage and age, with

younger children having a much higher prevalence

and longer duration of carriage, we set a cut-off at

5 years of age and stratified households by family

size and composition (number of adults and children

in the family). We derived strings of household re-

sults, which were then converted into a table show-

ing the number of transitions between each pair of

household states over a 28-day period for each

family size and structure. Two households of 2 in-

dividuals and one of 7 were excluded from the

analysis as their sequences were non-informative.

Ten distinct tables Nz,u were derived for the available

combinations of household size (z) and number of

adults (u) respectively in the family: (3, 1), (3, 2),

(4, 2), (4, 3), (5, 2), (5, 3), (5, 4), (6, 3), (6, 4), (6, 5).

Only complete family transitions, where the infection

state of all household members is known on two

consecutive observations, are used in the following

analysis.

The model

Following the work by Auranen and colleagues on

both Hib and Pnc infection [14, 16] the model con-

siders transmission of Pnc within the household.

We assumed that each individual can either be in a

non-infected state, i.e. susceptible to infection (S),

or they can already be infected (carriers) (C) and,

as a consequence, able to spread the infection to

uninfected individuals in their household. No Pnc-

specific disease was observed so this possibility is

not included. As in Auranen et al. [14] we set the

transition from CpS to be dependent on a constant

recovery rate, and the transition from SpC to be a

function of the potential exposure to the infective

agent both within the family (within-family acqui-

sition rate) and outside the family (community ac-

quisition rate).

The probabilities of transition from an infected to

an uninfected state and vice versa in a short time in-

terval dt are then defined for an individual in the age

class i=1, 2 [where 1=child (<5 years) and 2=adult

(5+ years)] :

Pi(CpS)dt=mi � dt, (1)

Pi(SpC)dt= ki+
bi1I1(t)+bi2I2(t)

(zx1)w

� �
� dt, (2)

where mi and ki are the clearance and the community

acquisition rates respectively for age class i, and z

is the family size. I1(t) and I2(t) are the number of

infected children and infected adults respectively in

the family. bij is the transmission rate from an in-

fected to an uninfected individual and it reflects

both the infectiousness of an individual in age

class j and the susceptibility of an individual in age

class i. Thus the within-household probability of

being infected in dt is a function of the number

and age class of the other family members that are

carrying the bacteria at that particular time. Com-

munity acquisition rates and recovery rates are

similarly defined in vectors : (k1, k2) and (m1, m2). The

term (zx1)w in eqn (2) represents a density correc-

tion factor; (zx1) being the number of other family

members in families of size z, and w the factor that

controls the extent of density dependence. When

w=0 the model reflects density-independent trans-

mission: the probability of contracting infection

from another specific individual in the family does

not change with family size and, thus, the average

number of contacts increases linearly with family

size. When w=1 the probability of getting in contact

with the same individual decreases in bigger families

although the average number of contacts remain

constant. If w>1 the average number of contacts

decreases with family size. In total nine parameters

define the model.

Equations (1) and (2) are used to derive the prob-

ability Prs of transition between two different family

states r and s in a short time-interval dt. These

probabilities are calculated for each household size

and composition. It is assumed that in a short time-

interval dt, here chosen as 1 day, only one member

of the household will change status (either through

infection or recovery). The probability of transitions

where more than one individual changes status is

therefore set to zero. For example, in a family size of

three composed of two adults and one child, the

probabilities of going from state 001 (two susceptible

adults and one carrier child) to states 000, 101 and 011

in one time-step, are derived using respectively eqn (1)

to become a fully susceptible household, and eqn (2)

to reach states 101 or 011. The T1(3, 2) matrix [see eqn

(3) below], contains all the probabilities of transitions

from the initial family status at the top of the matrix

to the consecutive status given on the left-hand side
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of the matrix when dt is 1 day:

000

100

010

110

001

101

011

111

000 100 010 110 001 101 011 111

q11 m2 m2 0 m1 0 0 0

k2 q22 0 m2 0 m1 0 0

k2 0 q33 m2 0 0 m1 0

0 [2xWb22+k2] [2xWb22+k2] q44 0 0 0 m1

k1 0 0 0 q55 m2 m2 0

0 [2xWb12+k1] 0 0 [2xWb21+k2] q66 0 m2

0 0 [2xWb12+k1] 0 [2xWb21+k2] 0 q77 m2

0 0 0 [21xWb12+k1] 0 [2xW(b22+b21)+k2] [2xW(b22+b21)+k2] q88

2
666666666666666664

3
777777777777777775

(3)

The sensitivity of the model to changes in the defi-

nition of dt (12 day, 2 days) was checked. The daily

probability that the family does not change state is

given by qrr=1xSslrPrs. Similar formulations of the

transition matrix T1 are expressed for families with

3–6 members and different age structures.

The families transition probabilities for a 28-day

interval were then derived as T28(3, 2)=T1
28(3, 2).

This allowed handling transitions in which more

than one individual in the family changes status.

Moreover, not having specified the pathway from one

state to the next, unobserved events were implicitly

included.

Parameter estimation

Maximum-likelihood techniques are adopted to esti-

mate the nine model parameters. The log likelihood

L(z, u) and saturated log likelihood L*(z, u) functions

are derived from each monthly transition matrix

T28(z, u) and from the observed number of family

transitions between states nrs(z, u). The deviance is

then calculated for each family size and composition

as follows:

Devz, u=

2 � (L*xL)=2 �
X2z
r=1

X2z
s=1

nrs[ ln (nrs)x ln (PrsNr)], (4)

where nrs is the number of family transitions observed

in the data from state r to state s and Nr=Snrs. The

Prs is the element rs of matrix T28(z, u) or, in other

words, is the model probability that a family of size

z and with u adults moves from state r to state s in a

28-day interval. The upper limit of the summations

represent the number of family states that are possible

for each family size.

The overall deviance [eqn (5)] is obtained as the sum

over all family sizes and compositions

Dev=
X6

z=3

Xz

u=1

Devz, u: (5)

Maximum-likelihood estimates for the parameters

are obtained by minimizing the deviance.

The profile-likelihood method [17] is used to derive

confidence intervals for the model parameters. The

analysis was conducted using Microsoft Excel.

Model fit

The overall fit of the model could not be formally

assessed using a x2 test on the residual deviance and

degrees of freedom. This was because the expected

count for each cell was too small and usually less

than 1.

However, after aggregating the states with the

same number of carriers, it was possible to assess

the goodness of fit visually for each family size by

plotting the number of family transitions between

states and comparing it to the number obtained

from the model after aggregating across cells. x2

tests comparing the observed and estimated number

of transitions on the aggregated data were per-

formed. Using the x2 test in this way only enables the

detection of fairly large aberrations in the model fit

because the fit is only being tested after the aggre-

gation of data and estimates from a more complex

model.

Prevalence of Pnc infection by household size and

composition

A steady-state vector v of dimension 2z is calculated

from any of the family transition matrix [i.e. T1(z, u)]
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by solving the following system of equations

T1(z, u) � v(z, u)=v(z, u), (6)

where v gives the proportion of households that are in

each specific state at the equilibrium [18]. From this

the expected prevalence of infection in children and

adults in a household of given size and structure can

be calculated.

The proportion of community-acquired Pnc infec-

tion is calculated using the steady-state vector v and

deriving the expected number of new infections pro-

duced exclusively by household transmission (k=0)

and comparing it to the expected number of those

acquired from the community (b=0).

RESULTS

We had 560 (51%) complete family transitions in the

data (Table 1), the majority of which are found in a

family size of 3 and 4. The overall deviance obtained

comparing the model log likelihood to the saturated

log likelihood is 645, with 180 D.F. (189 non-zero data-

points and nine parameters to estimate). In Figure 1

the fit of the model is shown comparing the expected

number of transitions estimated by the model, for

uninfected families and families with one carrier, to

the number observed from the data for the same

transitions. The x2 tests of the model fit (not shown)

did not show evidence of any significant difference

between the model and the data.

Estimates of the nine model parameters are shown

in Table 2. In children <5 years the mean duration

of Pnc carriage, derived using the inverse of the

estimated recovery rate, is 51 days (95% CI 42–64).

The estimated mean duration of carriage in older

family members is close to 19 days (95% CI 14–24).

The community acquisition rate for children (0.012

per day) is more than 3 times higher than that for

adults (0.004 per day), showing that children<5 years

are most likely to introduce the infection into the

household. On the other hand, estimates of the with-

in-family acquisition rates show that the highest
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Fig. 1. Transition probabilities obtained from the model for completely susceptible families (——) and families with
one carrier (- - - -), compared to proportions of transition observed from carriage data (#, &).

Table 1. Number of complete transitions by family

size and number of adults in the family

Family
size

No. of adults

Total1 2 3 4 5

3 8 226 — — — 234
4 — 146 54 — — 200
5 — 8 27 45 80
6 — — 14 1 31 46

Total 8 380 95 46 31 560
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daily transmission rate is that from adults to children,

whereas the lowest is the one from children to adults.

These results are consistent with adults being less

susceptible to infection. A density coefficient signifi-

cantly greater than zero (w=1.2, 95% CI 0.2–2.2) is

estimated from the model and suggests the import-

ance of considering density-dependent transmission.

However, due to the very wide confidence interval, no

clear indication is given on the strength of this effect

(Fig. 2). The sensitivity of the model to variation in

the time-interval dt (dt=1
2 day, dt=2 days) was as-

sessed and the parameters estimates were found to be

not significantly different from the base case results

(dt=1 day).

The expected prevalence of Pnc infection at equi-

librium in both adults and children is given in Table 3.

In order to have a baseline probability, the expected

Pnc carriage in adults is estimated also for families

with no children although no such families exist in our

data. The prevalence of Pnc carriage in adults does

not vary much when bigger families are considered

or when more children are present in the family. The

expected prevalence in children increases with the

number of children in the household. The prevalence

increases by 3–10% for each additional child.

The proportion of household-acquired Pnc infec-

tion increases in bigger families, reaching 50% for

both children and adults (Table 4). When only one

child is in the family the proportion in children

(22–38%) is lower than in adults (34–50%).

DISCUSSION

Data from a UK Pnc longitudinal carriage study were

used and a transmission model fitted using maximum-

likelihood techniques to gain some insights into Pnc

Table 2. Maximum-likelihood parameter estimates

Description of
model parameters

Symbol
used

Rates
(per day) 95% CI

Community

acquisition rate
Adult k2 0.004 0.002–0.005
Child k1 0.012 0.008–0.016

Within-family

acquisition rate
Adult to adult b22 0.048 0.010–0.180
Adult to child b12 0.106 0.020–0.450
Child to adult b21 0.005 0.000–0.018

Child to child b11 0.047 0.008–0.200

Recovery rate
Adult m2 0.053 0.041–0.070
Child m1 0.020 0.016–0.024

Density factor w 1.184 0.200–2.200

CI, Confidence interval.

Density factor (w)

D
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Fig. 2. Profile likelihood for the density factor w (the dotted
lines represent the 95% confidence interval).

Table 3. Expected equilibrium prevalence of pneumo-

coccal carriage in household with different compositions

(children 0–5 years; adults 5+ years) (w=1)

Prevalence

No. of
children in
household

No. of adults in household

1 2 3 4 5

Adults 0 0.06 0.10 0.11 0.12 0.12
1 0.09 0.10 0.11 0.11 0.12
2 0.10 0.11 0.11 0.11 —
3 0.10 0.11 0.11 — —

Children 1 0.44 0.47 0.48 0.49 0.50

2 0.54 0.53 0.52 0.52 —
3 0.58 0.56 0.55 — —

Table 4. Estimated proportion of pneumococcal

infection in adults and children acquired within the

family for different household size and composition

(w=1)

No. of
children in
household

No. of adults in household

1 2 3 4 5

Adult 0 0% 40% 47% 50% 52%

1 34% 41% 45% 48% 50%
2 40% 42% 45% 47% —
3 42% 43% 45% — —

Child 1 22% 29% 33% 36% 38%

2 46% 43% 43% 43% —
3 54% 50% 49% — —
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transmission dynamics within the household, shed-

ding some light on its mechanism of acquisition and

on the duration of carriage. We used these estimates

to derive the individual equilibrium prevalence of Pnc

infection in households of given size and structure and

to assess the importance of household vs. community

acquisitions.

Although the study was carefully designed and

the swabbing interval was forced to its minimum, the

presence of unobserved events had to be considered

in the setting up of the model. In the past, Bayesian

data augmentation methods have been adopted in

order to tackle this issue and Markov Chain Monte

Carlo (MCMC) simulation has been used to explore

the joint posterior of the model parameters and the

augmented data [14]. Here we decided to deal with

unobserved events by setting up the model for a short

time-interval (1 day), during which we assume only

one event occurs, and then deriving the probabilities

of transitions for longer (i.e. 28 days) intervals. This

enabled us to describe the entire data-set with only

nine model parameters.

The model classifies individuals as Pnc carrier or

non-carrier and it does not consider which serotype

they were carrying. Acquisition and clearance rates

are thus estimated for carriage of any Pnc serotype.

Serotype-specific differences in Pnc acquisition and

clearance rates were shown in the past [12] and rep-

resent a very critical issue in terms of future disease

burden and impact of vaccination policies. Here some

baseline information on Pnc transmission dynamics

are derived and, although the model allows success-

ive positive tests to be attributed to recovery and

reacquisition, it does not exploit the information

provided by a change of the serotype carried. Further

work will be pursued on these matters.

In agreement with previous findings, the model

estimated that children carry Pnc for longer periods

than adult family members (51 vs. 19 days). Smith

et al. [12] estimated approximately 2 months of car-

riage in children for the most common serotypes

(6, 19, 23) and Auranen et al. [14] published an esti-

mate of 2.3 months (95% CI 1.5–3.3), derived for

children aged <2 years. The difference between the

latter estimate and ours may be due to the younger

age group considered. Similarly, the estimated 1.5

months (95%CI 1.0–2.0) duration of carriage derived

from the Finnish study [14] in children aged 2+ years

is higher than our estimate in the 5+ years group, and

this, again, is probably due to their being a younger

age group. Moreover, their study allowed for control

of exposures but the estimates produced may be

imprecise as the study used long intervals between

observations (1 month until 6 months of age, and

then 3 and 6 months). Slightly lower estimates of

the duration of carriage were found in the study of

Ekdahl et al. [13], where a clear relationship between

carriage and age was observed in individuals with

clinical diagnosis of pneumonia and otitis media

who were carrying penicillin-resistant Pnc strains. A

median of 30 days for children aged <1 year old;

21 days for children 1–2 years ; 21 days for children

3–4 years ; 12 days for children 5–6 years ; 15 days for

persons 7–18 years and 14 days for adults 18+ years.

Estimates of Pnc acquisition rates from the com-

munity show a difference between children and adults.

The former appear 3–4 times more likely to acquire

Pnc infection from the community and to introduce

the bacteria in their household’s environment. Pre-

vious work by Auranen et al. [14] showed a similar

pattern although the difference between children and

adults appears to be stronger in the Finnish data

and their rates are significantly lower than ours.

Although their model considers only three serotypes

that account for 30–60% of infections, this does not

fully explain the lower community acquisition rates

that they obtain.

The within-family transmission rates incorporate

infectiousness of the carrier, susceptibility of the non-

carrier and contact between them. Although various

individual factors, such as age and immunity levels,

may contribute to this relationship, the model used

here is from the SIS class, and thus, it does not

explicitly account for immunity after infection.

Nevertheless, transmission rates within the family

were derived considering the age class to which both

the carrier and the non-carrier belong (<5 years,

5+ years) and suggested a higher level of suscepti-

bility in children and infectiousness in adults.

The importance of density dependence when look-

ing at transmission dynamics of infection has been

discussed previously [19, 20]. We included a density-

dependent factor in our analysis and we found it to be

an important element of the model and necessary

to explain within-family transmission (w significantly

greater than 0). However, at this stage, no clear

judgement can be made on whether the transmission

increases (w<1) or decreases (w>1) as a consequence

of being in bigger families. More work is clearly

necessary to investigate this relationship and, thus, to

provide better estimates of within-family transmission

that takes into consideration changes in the contact
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patterns in households of different sizes, environment

and composition.

As expected, the prevalence of Pnc carriage for any

family size and structure is higher for children than for

adults. Moreover, we found that whereas the preva-

lence in adults does not vary much for different family

sizes and composition, the equilibrium prevalence in

children increases with the number of children and

adults in the family. This may again reflect the lower

level of susceptibility in older individuals and, thus,

the fact that they are not sensitive to changes in the

proportion of infectious contacts they may have

within the household.

Household-acquired infection makes a major con-

tribution to Pnc transmission in families both for

children and adults. The more siblings that are pres-

ent in the family the more the infection can circulate

among them and persist within the household. How-

ever, even in large families approximately 50–60% of

children and adults’ infections are acquired outside

the household.

Longitudinal data can be quite challenging to

analyse and many critical aspects have to be taken

into account in doing so. Nevertheless they can pro-

vide a great contribution to the understanding of a

pathogen’s dynamics within the human host and on

the way individual properties can affect transmission

dynamics of the infectious agent. In this paper we

tried to draw some conclusions about Pnc trans-

mission dynamics, the contribution of community vs.

family transmission and the importance of family

structure when considering prevalence of Pnc infec-

tion within the household. Further analysis is clearly

needed in order to provide some specific understand-

ing of serotype-specific Pnc carriage and to be able

to give some baseline information on the links

between serotypes and transmission in the pre-

vaccination era.
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