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Abstract

Describing and understanding close proximity interactions between infant and family mem-
bers can provide key information on transmission opportunities of respiratory infections
within households. Among respiratory infections, pertussis represents a public health prior-
ity. Pertussis infection can be particularly harmful to young, unvaccinated infants and for
these patients, family members represent the main sources of transmission. Here, we report
on the use of wearable proximity sensors based on RFID technology to measure face-to-
face proximity between family members within 16 households with infants younger than 6
months for 2-5 consecutive days of data collection. The sensors were deployed over the
course of approximately 1 year, in the context of a national research project aimed at the
improvement of infant pertussis prevention strategies. We investigated differences in close-
range interactions between family members and we assessed whether demographic vari-
ables or feeding practices affect contact patterns between parents and infants. A total of
5,958 contact events were recorded between 55 individuals: 16 infants, 4 siblings, 31
parents and 4 grandparents. The aggregated contact networks, obtained for each house-
hold, showed a heterogeneous distribution of the cumulative time spent in proximity with the
infant by family members. Contact matrices defined by age and by family role showed that
most of the contacts occurred between the infant and other family members (70%), while
30% of contacts was among family members (infants excluded). Many contacts were
observed between infants and adults, in particular between infant and mother, followed by
father, siblings and grandparents. A larger number of contacts and longer contact durations
between infant and other family members were observed in families adopting exclusive
breastfeeding, compared to families in which the infant receives artificial or mixed feeding.
Our results demonstrate how a high-resolution measurement of contact matrices within
infants’ households is feasible using wearable proximity sensing devices. Moreover, our
findings suggest the mother is responsible for the large majority of the infant’s contact pat-
tern, thus being the main potential source of infection for a transmissible disease. As the
contribution to the infants’ contact pattern by other family members is very variable,
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vaccination against pertussis during pregnancy is probably the best strategy to protect
young, unvaccinated infants.

Introduction

Strategies to prevent infectious diseases transmitted through physical contact are informed by
mathematical models describing disease transmission. Such models help identifying effective
control measures and allow to predict their impact [1, 2]. Among the determinants included
in disease transmission models, contact patterns (in particular age-specific contact patterns)
are crucial to obtain a good estimation of transmission parameters [3]. Most of the studies on
this issue have approximated contact matrices to data obtained through diary-based surveys.
This approach permits obtaining only an approximate estimate of the number of contacts
between individuals and of their duration, and may imply a substantial recall bias [4, 5].

Recent technological advances allow to measure real-world interactions using mobile
devices and wearable sensors, in a variety of contexts, at very different spatial and temporal
scales [6, 7]. Wearable sensors can gather data on human proximity and social interactions in
an objective way and by means of non-obtrusive methodologies. With regard to infectious dis-
ease epidemiology, active Radio-Frequency IDentification (RFID) technology has been used to
measure contact patterns in different settings relevant to the transmission of infectious agents:
a paediatric hospital [8], a tertiary care hospital [9, 10], and a primary school [11].

Young infants represent a high risk group for transmissible infectious diseases. Among
respiratory infections, pertussis can be particularly harmful for young, unvaccinated infants,
who have a higher morbidity and mortality compared to other age groups [12-14]. Informa-
tion on contact patterns within households can be useful to plan prevention strategies for pro-
tecting young infants from pertussis and other respiratory infections. Infants less than 6
months old mainly conduct an indoor life, and social interactions mainly happen with family
members, who represent the main source of transmission [15-17], despite contacts with non-
household members may play an important role [18]. Moreover, household interaction may
vary among families, and specific caregiving practices, like breastfeeding, may be associated
with a different contact pattern and, consequently, with a different risk of infectious disease
transmission.

In this study, we report on the use of wearable proximity sensors based on RFID technology
to measure face-to-face proximity and pattern of contacts between family members, within
households with infants younger than 6 months. The main objectives of the study were: (1) to
demonstrate the feasibility of contact measures through proximity sensing devices in the
household setting; (2) to assess the differences in contact patterns between family members, as
well as their structural and temporal heterogeneities; (3) to investigate whether socio-demo-
graphic variables or feeding practices affect contact patterns between parents and infants.

Materials and methods
Study setting

The present study was conducted in the context of a national research project, funded by the
Italian Ministry of Health, aimed at the improvement of infant pertussis prevention strategies.
The study was approved by the Bambino Gesu Children’s Hospital Ethical Committee (proto-
col n. 866LB), and was conducted in Rome, Italy, from March 2015 to January 2016. Twenty
households with a healthy infant younger than 6 months were selected from the list of patients
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of a family paediatrician. A household was defined as the group of people living in the same
house of the infant. In a first, preliminary phase, members of each household were invited to a
meeting in which the details and the aims of the study were explained. In this context, a signed
informed consent was obtained from parents and relatives. All participants were given a
Radio-Frequency IDentification (RFID) badge (see below) and were asked to wear it every
time they were at home. The sensors were enclosed in a pouch with a lanyard and given to
each participant, to be worn around the neck. Infants’ pouches were secured to a pacifier
holder. Participants were asked to mark the times of entry and exit from the house during the
entire study duration. Only data collected when the participants were inside the house were
considered in the analysis. Each household received sensors on separate days and the family
members wore the sensors for 2-5 days, depending on the household. On the last day of data
collection, fieldworkers directly collected the sensors at the infants’ houses.

Data collection

The data were obtained and processed using a proximity-sensing platform developed by the
SocioPatterns collaboration [19]. The platform and its applications has been described in detail
in several previous works [20-22]. The system is based on small active RFID devices (‘tags’)
that exchange ultra-low-power radio packets in a peer-to-peer fashion, and perform a scan of
their neighbourhood by alternating transmit and receive cycles. During the transmit phase,
low-power packets are sent out on a specific radio channel; during the receive phase, the
devices listen on the same channel for packets sent by nearby devices [8, 11, 20, 21]. When
individuals wear the devices on their chest, exchange of radio packets between RFID devices is
only possible when they are facing each other, as the human body acts as a RF shield at the car-
rier frequency used for communication. Sensors in close proximity exchange a maximum of
about 1 power packet per second, and the exchange of low-power radio-packets is used as a
proxy for the spatial proximity of the individuals wearing the sensors [8, 20]. In particular, the
close proximity is measured by the attenuation, defined as the difference between the received
and transmitted power. We defined that a ‘contact’ occurs between two individuals, during a
time slice duration of 20 s, if, and only if, the RFID devices exchanged at least one radio packet
during that interval. After a contact is established, it is considered ongoing as long as the
devices continue to exchange at least one packet for every subsequent 20 s intervals. Con-
versely, a contact is considered broken if a 20 s interval elapses with no exchange of radio pack-
ets [11, 20]. Therefore, we set the attenuation threshold to detect proximity events between
devices situated in the range 1-1.5 m of one another, thus corresponding to a close-contact sit-
uation, during which a communicable disease infection can be transmitted, either by droplet
transmission through coughing or sneezing, or by direct physical contact [23]. Each device has
a unique identification number that was used to link the information on the contacts estab-
lished by the person carrying the device with his/her profile.

Data analysis

Contact data and network analysis. We extracted and cleaned the data separately for
each participant. Night contacts, collected between 9 pm and 7 am, were disregarded from the
analysis, due to inconsistent spikes in data that suggested heightened interaction between fam-
ily members, probably as a result of removal and storage of devices together. We computed the
number of contact events recorded by each family member and the statistical distribution of
the duration of contact events. The duration of contacts is expressed in seconds, minutes or
hours depending on the context; the choice of the different time unit was made to increase
readability and comprehension. We also generated aggregated contact networks of the full
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experimental time period. We considered individuals as nodes of the network, while the edges
represented the presence of at least one recorded contact event between two individuals during
the aggregation time window. Each network edge was weighted by the total time the two indi-
viduals spent in contact with each other during the aggregation time window. We measured
the network density in each household, defined as the ratio of the number of observed edges to
the number of potential edges.

Moreover, we analysed the temporal features of the aggregated contact networks. We com-
pared the amount of time spent in proximity by two individuals, with respect to a circadian
activity profile calculated for all the sensors of the experiment. We considered four different
time fractions of the day: morning (from 7 am to 11 am), late morning—lunch (from 11 am to
2 pm), afternoon (from 2 pm to 5 pm), and late afternoon—evening (from 5 pm to 9 pm). Par-
ticipants were grouped into four age categories [24]: <6 months old (infant), 1-5 (pre-school),
20-49 (adults), and > 50 (elderly) years old (enrolled families did not include infants aged 6 to
12 months).

Given a contact network, we defined as degree k; of a node i the number of distinct individ-
uals with whom the individual i has been in contact, and the weight w;; of an edge between
nodes i and j the cumulative duration of the contact events recorded between two individuals.
Network edges are undirected and the weights on the edges are symmetric (w;; = w;;). We stud-
ied the statistical distributions of the degrees and weights of the contact networks. We gener-
ated contact matrices based on number and duration of contacts by age category. We also
generated aggregated contact networks on a daily scale, by aggregating all contacts measured
each day between 7 am and 9 pm.

To assess the changes in time duration of contacts of each household member, we com-
pared the daily network structures by measuring the similarity between the neighbourhoods of
each node across different days for each household. As each edge i-j in the aggregated network
is weighted by the total time 7 and j spent in face-to-face proximity, the similarity between the
neighbourhoods of an individual i in time ¢; and time ¢, can be quantified by the cosine simi-
larity [11] defined as:

Zj (sz,l Wij‘,Z)

B

where w;; ; and w;; ; are the weights on the edge i—j measured at time ¢; and time t,, respec-
tively. The cosine similarity takes values between 0 and 1. This quantity is 1 if i had contacts in

Sstm

both days with exactly the same individuals, spending the same fraction of time in proximity
of each one, and 0 if, on the contrary, i had contact in day 2 with totally different persons with
respect to day 1.

Analysis of contacts between infant and other household members. For each house-
hold, and for each household member, we calculated an Infant Proximity Score (IPS) describ-
ing the contact pattern between the infant and other family members. The IPS was defined as
the fraction of time spent by each family member in proximity with the infant, over the total
time spent by the infant at home:

time spent in proximity to the infant

PS = * 100
total time spent by the infant at home

In other words, the IPS quantifies the fraction of time spent by the infant at home and in
contact with another household member, therefore, it represents the proportion of time spent
at home, in which the child is at a potentially higher risk of infection transmission by a
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potentially infected household member. The normalization over the time spent at home by
each infant, allows comparability among different families.

The Ordinary Least Squares (OLS) regression was used to investigate the effects of socio-
demographic variables and of infant feeding habits on the observed contact patterns. In order
to allow comparison of contact patterns between families, we used only the maternal and pater-
nal IPS in the regression model, since other family members were not present in all the house-
holds. The standard regression method based on the OLS estimates the effect of explanatory
variables at the conditional mean of the distribution of the dependent variable. Socio-demo-
graphic variables and feeding habits were included in both models as explanatory variables. The
explanatory variables were categorised as follows: parents’ age < 35 or > 35 years; parents’ sex;
infant’s age 0-3 or 4-6 months, presence of siblings: yes/no; infant’s feeding: exclusive breast-
feeding vs partial breastfeeding/artificial feeding. Statistical analyses were carried out using the
R software, version 3.1.2 [25]; statistical significance was set at a p < 0.05 level.

Results

General description of the study population

We enrolled a total of 20 households, and a code was assigned to each family. A total of 4 fami-
lies and one member of one family were excluded from the analysis. Three of the first enrolled
families (H04, HO5 and H08) were excluded from the analysis due to an human error in the
sensors’ deployment. Specifically, in the first phase of the enrolment process, the devices were
all activated and included in the plastic pouches at the same time and were only later distrib-
uted to the families, leading to battery discharge before the data collection. To avoid such
issue, in all subsequent deployments the devices were activated only right before being given to
the enrolled families, allowing for a longer battery duration.

Household H19 was excluded because the contacts measured by sensors did not correspond
to the times of entry and exit from the house indicated by family members.

Finally, data collected by the sensor assigned to the father of HO2 were not included in the
analysis because the recorded contacts did not correspond to the reported times of entry and
exit from the house. Therefore, in H02, we considered only the contact data between the
mother and the infant.

Overall, 16 households were included in the data analysis, accounting for a total of 55 sen-
sors, distributed as follows: 16 infants, 4 pre-school children, 31 adults (16 mothers, 15 fathers)
and 4 elderlies (1 grandfather, 3 grandmothers). The mean household size was 3.44. The num-
ber of family members of households included in data analysis is distributed as follow: one
family had 2 family members (infant and mother), 9 families had 3 family members (infant,
mother and father), 5 families had 4 family members (in 2 families: infant, mother, father, and
grandparent; in 3 families: infant, mother, father, and sibling), 1 family had 6 family members
(infant, mother, father, sibling, and 2 grandparents). In 4 families (25%), the infant had sib-
lings, and in 3 families (18.75%) grandparents lived in the same house. The median infant’s
age was 3.4 months (mean = 3.6; range 1.8-5.9), 10 (62.5%) of infants received exclusive
breastfeeding, 5 (31.25%) received partial breastfeeding and 1 (6.25%) received artificial feed-
ing. None of the infants attended a nursery or other communities. The infants spent at home a
mean of 19.66 hours (median = 19.18; range 14.8-23.5), corresponding to 81.94% of the 24
hours. In our sample, all infants spent the night at home for the whole study period.

Contact data and network analysis among all participants

Fig 1 shows the probability density distribution of person-to-person contact durations for all
individuals over the whole experimental period. The mean contact duration measured over all
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Probability density distribution P(dt)
51.

10° 10° 10* 10°
Contact duration (dt)

Fig 1. Distribution of contact durations. Probability density distribution P(dt) of contact duration dt in seconds, measured for all individuals
over the whole experimental period.

https://doi.org/10.1371/journal.pone.0198733.9001

contact events was 200.12 seconds. We recorded 5,958 contact events over the whole experi-
mental time period. A total of 4,201 (70.51%) contacts were recorded between the infant and
other family members, with a daily mean of 79 contacts (range 6-133). Mean duration of con-
tacts between infants and each other family member was 234.92 seconds. We generated con-
tact matrices based on duration of contacts (in seconds) and on number of contacts (contact
events) by age category (Fig 2) and by role (Fig 3). We considered as roles: infant, mother,
father, sibling, and grandparent. We divided the total daily contact durations and the total
daily number of contacts by the time during which two tags were simultaneously in the house,
and by the total number of persons belonging to an age category and to a role, thereby obtain-
ing the daily mean of the contact durations and the daily mean of contact events per capita.
The highest mean contact durations and mean number of contacts corresponded to the con-
tacts between infants (<6 months old) and adults (20-49 years old, i.e., parents), in particular
between infant and mother.
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Fig 4 and S3 Fig display a representation of the contact network of the 16 households,

where nodes are individuals and edges indicate the presence of at least one recorded contact

during the study period. Nodes are color coded according the role of the family members, and
the edge thickness is proportional to the weight wy;, that is the total amount of time spent in

proximity by two individuals. In S3 Fig, edge’s color indicates the time of the day during

which it was mainly active. Overall, 45.7% of the total time spent in proximity by participants
is observed during the morning, 14.4% in the late morning-lunch time, 20.2% in the after-

noon, and 19.7% in the late afternoon—evening. The overall contact network is formed by 55

nodes and 69 edges, each single connected component representing a household. The network
density is 1.0 for all households except for HO7, H09, H12, and H20, where the density ranged
between 0.67 and 0.83.
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Daily aggregated contact networks were generated by aggregating all the contact events
measured from 7 am to 9 pm for each household. To evaluate the changes in the daily contact
durations of each household member, we computed the cosine similarity between the neigh-
bourhoods of each node in each pair of daily networks. The distributions of similarities are
shown in Fig 5, aggregated for all households and by each household. The households H02,
H10, H15 and H17 were not included in this analysis because their contacts were not measured
for more than one entire day (from 7 am to 9 pm), and data were not comparable. The median
values of the cosine similarity all varied between 0.7 and 1, while the mean network density
varied between 0.67 and 1, indicating a substantial stability of individual contact patterns
across days.
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Contact patterns between infant and other household members

We computed the daily total contact time measured between each infant and any other house-
hold member by household, which varied from 81 to 1207 minutes (mean = 513; median = 465)
(S2 Fig). For each household, we calculated the infant proximity score (IPS) between the infant
and each family member, defined as the percentage of time spent by each family member in
proximity to the infant, over the total time spent by the infant at home (Fig 6). The mean IPS
was 18.55 (median = 14.21; range 0.51-77.52) considering all family members. The minimum
IPS was between the infant and grandparent of household H12 (0.51%), and the maximum

. I infant-mother
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((ng infant-grandparent
> 60
£
x
e 40
o
<
E 20 i L l L l . l
L . h s
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Households

Fig 6. Infant proximity score (IPS) between each family members and the infant (IPS = percentage of time spent by each family member in proximity to the
infant, over the total time spent by the infant at home). Pink = IPS between mother and infant; blue = IPS between father and infant, green = IPS between sibling and
infant; yellow = IPS between grandparent and infant. Families in which the infant is exclusively breastfed are labelled with *.

https://doi.org/10.1371/journal.pone.0198733.g006
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Table 1. Results of the OLS regression predicting the effects of infant’s feeding (exclusive breastfeeding vs partial breastfeeding/artificial feeding), parents’ sex,
presence of siblings (yes/no), parents’ age (< 35 or > 35 years), and infant’s age (0-3 or 4-6 months) on parents’ Infant proximity score (IPS). The value of the esti-

mate refers to the variable in brackets.

Variable
Intercept
Infant’s feeding (exclusive breastfeeding)
Parents’ sex (M)
Presence of siblings (yes)
Parents’ age (> 35 years)
Infant’s age (4-6 months)

https://doi.org/10.1371/journal.pone.0198733.t001

Estimate Standard Error t-value p-value
15.132 7.384 2.049 0.051
12.808 6.003 2.134 0.043
-20.440 5.836 -3.502 0.002
-9.565 6.403 -1.494 0.148
7.035 6.048 1.163 0.256
12.991 5.946 2.185 0.038

was between infant and mother in household H16 (77.52%). This means that the infant of
household H16 spent 77.52% of their time at home, over 3 days, in contact with the mother.

Then, we used an Ordinary Least Squares (OLS) regression to investigate the effects of
socio-demographic variables and feeding habits on IPS. In order to allow comparison of con-
tact patterns between families, in the regression model we considered only the maternal and
paternal IPS (mean = 21.40; median = 17.09; range 0.72-77.52) since other family members
were not present in all the households. The results showed that the IPS was most affected by
infant’s feeding habit, parent’s sex and infant’s age (F = 5.057; R-squared = 0.403; p = 0.002).
The IPS was significantly higher for exclusive breastfeeding (p = 0.043), and for infants aged
4-6 months (p = 0.038), and it was significantly lower for fathers (p = 0.002) (Table 1).

Discussion

With the present study, we report the first quantitative assessment of social contact patterns in
households with infants younger than 6 months, based on a technology that allows for high-
resolution measurements of social contacts. We obtained contact matrices that can have a cru-
cial role for understanding transmission dynamics and for informing strategies aimed at the
prevention of infectious diseases in very young infants. Our study shows that using wearable
sensors based on RFID technology is feasible for obtaining a precise measurement of the pat-
tern of close contacts among individuals living in the same house. We quantitatively demon-
strated that 1) compared to social contacts of children in the age group 0-5, the contact
patterns of an infant <6 months within a household is unique and not assortative, in agree-
ment with previous results of a diary-based study [26]; 2) the mother has significantly more
frequent and longer contacts with the infant, compared to the father and to other family mem-
bers, thus being the main potential source of infection; nevertheless, the contribution of other
family members to the infection risk is not negligible. Finally, our results suggest exclusive
breastfeeding may be associated to higher time spent in proximity to the infant by both
parents.

Infants spent almost all of their time (80%) inside the house, together with other household
members. A strong cultural and seasonal variability may exist for this kind of figure. Neverthe-
less, taking into account that respiratory infections spread more easily in close environments,
our results suggest that prevention strategies dedicated to infants should primarily focus on
the transmission risk in this kind of context. However, in our study there was a high variability
in the time spent by infants at home each day, depending on the household: it varied from 5
hours to 13 hours, excluding nights, with a mean of 10 hours.

We assessed the similarities between contacts measured among household members for
2-5 entire days (from 7 am to 9 pm), depending on the household, keeping in mind the con-
straints imposed by the short study duration. The results obtained by the cosine similarity
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showed that the durations of time spent in proximity with different family members were simi-
lar from day to day, in agreement with what observed by Kiti ef al. [24] in a similar sensor
study set in a rural African context, and with a recent contact survey study in Belgian house-
holds [27]. These findings suggest that a few days of data collection could be adequate for an
accurate description of contact patterns within households, as contacts are stable and repetitive
across single days.

The analysis of temporal features of contact links between household members revealed a
variability in the time of the day during which two individuals mainly interacted, although
most contacts took place during morning and at lunchtime, when household members congre-
gate for breakfast and lunch [24].

Previous survey studies have measured the contact patterns of infants both within and out-
side households. Van Hoek et al. [26] reported a mean daily contact frequency of 6 for infants
younger than 10 weeks and of 7.6 for infants 10 weeks-12 months of age. Mossong et al. [28],
in the original article reporting results from the POLYMOD study, reported a mean 10.2 con-
tacts for the 0-4 years age group (contact patterns within this age group could actually be very
heterogeneous). A recent study by Campbell et al. [29] estimated the contacts of infants youn-
ger than 1 year in three Australian communities by surveying the contact patterns of their pri-
mary carers (the mother) and found a mean daily number of contacts of infants ranging
between 6.5 and 9.1.

In our study, the mean degree of the infants in the aggregated contact network was equal to
2.37 (i.e. 2.37 unique contacts over the study duration), thus in line with the above findings,
considering that we did not measure contacts with non-household members and that the
mean household size was 3.4. However, when comparing the results of sensor-based studies,
like ours, to paper-based contact diaries, it is important to consider the differences between
the two methodologies which can be ascribed to different underlying contact definitions,
under- and over-recording with sensors, and under- and over-reporting with contact diaries
[30]. For instance, both the study by Van Hoek et al. [26] and the study by Mossong et al. [28],
as well as other diary-based studies [31], adopted a specific definition of contact event, i.e. an
either a skin to skin contact or an interaction in close proximity with three or more words
(directed to the infant or in a two-way conversation). In our study, a contact was recorded
when an interaction < 1.5 m occurred, likely yielding a higher frequency of contacts compared
to the conversation/skin-to-skin definition. More in general, survey based studies measure the
number of unique contacts, thus missing the number of repeated interactions between study
participants, which are instead captured by proximity sensors.

Secondarily, the diary-based studies might have underestimated the true contact frequency
due to recall bias. In diary based studies, the data collection method (e.g., paper vs online
diary) has been shown to influence the reported contact frequency [31], suggesting that recall
bias may play an important role in the quantification of daily contact events. While the conver-
sation/skin-to-skin definition might be more specific regarding the infection transmission
risk, the RFID measurement allows to objectively quantify the contact events, and the 1.5 m
threshold is sensitively representative of the risk of transmission by droplet for respiratory
infections [32].

The contact networks showed a high heterogeneity of the cumulative time spent in proxim-
ity with the infant by family members, despite the small number of individuals and the short
duration of the study. Most of the contacts occurred between the infant and other family mem-
bers (70%) while 30% of contacts was among family members other than the infant. Moreover,
as showed by the contact matrices, many contacts were observed between infants and adults,
in particular between infant and mother, followed by father, siblings and grandparents. Our
results show a highly heterogeneous distribution of contact durations characterized by a heavy
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tail: most contacts are short and there are few long-lasting contacts, whose probability is, how-
ever, not negligible. A similar broad distribution of contact durations has been observed in
other settings, including schools [11], hospitals [8], and rural households [24].

Siblings and grandparents were scarcely represented in our sample of households; their
contribution to the infection risk might be limited, compared to the probability of transmis-
sion from parents. We enrolled only individuals living in the same house of the infant. Thus,
we might have underestimated the contribution to the contact pattern by grandparents visiting
the infant from outside the house. Despite such potential bias, grandparents living in the same
household of the infant had 7.7 mean contacts per day with the infant, for a mean total dura-
tion of 421 seconds. Siblings were found to be in close contact with the infant more often com-
pared to grandparents (17.6 contacts per day), with a much higher mean contact duration
(4,369 s). These figures, anyway, are distinctly lower when compared to contact patterns
between the parents and the infant (76 contacts per day for fathers, with a 13,354 s mean con-
tact duration, and 131 contacts per day for mothers, with a 28,688 s mean contact duration).

Our results may have implications for vaccination strategies. First of all, we measured
through the use of wearable proximity sensors that contacts between the infant and the mother
have a higher frequency and duration compared to contacts between the infant and other
household members. The mother has been demonstrated to be the main source of pertussis
infection for the infant [15, 33, 34] and for other family members [16]. According to these
results, the cocooning strategy aimed at protecting young infants from pertussis through the
vaccination of household members may be justified by data, although it has been shown to be
difficult to implement [35]. Immunization of mothers during pregnancy is more efficient since
not only does it directly protect mothers (the only effect attainable with cocooning), but it also
induces passive protection of infants through antibody transmission. Thus, this strategy targets
the crucial nodes of the contact networks in infant households (i.e. the mother and the infant),
and has been repeatedly demonstrated to be safe [36], effective [37] and cost-effective [38].

Families in which the baby is exclusively breastfed tend to have a more intense contact pat-
tern compared to families in which the infant receives artificial of mixed feeding. The implica-
tion of this observation is delicate and controversial. Breastfeeding is universally recognised to
have a protective effect towards infections, by means of a variety of immune properties. The
WHO recommends to always continue breastfeeding if the mother has an infection, with very
few exceptions (e.g., HIV and HTLYV infections). Most studies show that exclusive breastfeed-
ing reduces the risk of infection if it is continued for longer than 4 or 6 months [39], and,
often, the assessment of the risk reduction is performed on children older than 1 year; data on
the infection risk in the first months of life is lacking. In our study, we show that breastfeeding
is associated with a more intense contact with parents. This could actually imply a higher risk
of infection transmission. Although the infection risk is probably balanced by the anti-infective
properties of breast milk, our results suggest that a cautious approach should be used if the
mother or any other family member is sick, as clearly pointed out in the CDC Guidance for
the Prevention and Control of Influenza in the Peri- and Postpartum Settings [40]: the sick
family member should frequently wash her or his hands and wear a mask when in close con-
tact with the infant. In addition, we investigated the role of breastfeeding as a protective or risk
factor for pertussis transmission in Italian cases [41]. In our work, breastfeeding did not affect
the likelihood of transmission of pertussis, although the high basic reproductive rate of this
disease may justify this finding and other infections may exhibit a different pattern of associa-
tion. More research studies are needed to better address this issue.

It is important to highlight some key limitations of the present study. Contact patterns are
influenced by cultural and demographic differences across countries [42, 43]. Our assessment
was focused on a limited group of families living in a specific area of Rome, Italy, attending the
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office of a single family paediatrician. The small size of the sample affects the statistical signifi-
cance of some of our results. In particular, the results of the OLS regression on infant’s feeding
are sensitive to the inclusion of all households in the analysis, given that the associated p-value
is very close to the p < 0.05 threshold. To obtain more reliable contact matrices for informing
transmission models, a larger and more representative national/international sample would be
desirable, and the study design should take into account a longer period of data collection for
each family. On the other hand, the methods presented in this paper can be useful to detect
contact patterns in very specific contexts, thus allowing implementing tailored prevention
strategies accordingly.

We considered in the analysis only data collected during daytime and inside the house. All
night contacts (collected from 9 pm to 7 am), were disregarded during the analysis, neverthe-
less, families have different sleeping habits and infants often wake at night, therefore, monitor-
ing social interactions during the night would have probably provided additional information
regarding the infection risk. Also, further investigation on non-household contacts which
were not considered in our study, by including a sensor-based assessment of the household
visitors, would provide additional evidence on infection risk posed to infants.

At the beginning of the enrolment, an issue regarding the device preparation compromised
some of the tags’ functions. While it may not be possible to detect tag malfunctions during the
data collection, future studies could minimise human error by a proper training on how to
prepare and use the sensors, especially when collecting data for longer periods.

In conclusion, with the present study, we demonstrated the feasibility of measuring mixing
matrices within infants” households using wearable proximity sensing devices. A system based
on RFID technology may overcome the recall bias which is intrinsic to diary-based studies on
contact patterns, in particular in the case of young infants, whose behaviour can only be indi-
rectly monitored by a guardian or someone who spends most of the time with the infant [44].

Moreover, our results suggest that, as the mother is responsible for the large majority of the
infant’s contact pattern, and as the contribution to the contact pattern by other family mem-
bers is very variable, vaccination against pertussis during pregnancy is probably the best strat-
egy to protect young, unvaccinated infants [37]. A further study, involving a larger and more
representative sample of families would be advisable to obtain more robust contact data.
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the experiment.
(DOCX)

S2 Table. Network statistics of each household: number of nodes, number of edges, mean
degree, network density, and mean daily network density.
(DOCX)

S1 Fig. Statistics of the aggregated contact network. Degree distribution P(k) of the contact
network aggregated for all individuals over the whole experimental period, i.e., probability that
arandomly chosen node has degree > k. The red line indicates the mean degree value, (k) =
2.5., and the degree distribution extends between kmin = 1 and kmax = 5 (left panel). Comple-
mentary Cumulative Distribution Function (CCDF) of edge weights (i.e. cuamulated contact
durations) of the aggregated contact network (right panel).

(TIFF)

S2 Fig. Frequency distribution of the average daily total contact time (in minutes) reported
by infants by household. The orange line indicates the mean value (513 minutes). Families in

PLOS ONE | https://doi.org/10.1371/journal.pone.0198733  June 7,2018 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198733.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198733.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198733.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198733.s004
https://doi.org/10.1371/journal.pone.0198733

@° PLOS | ONE

Contacts patterns between infants and household members

which the infant is exclusively breastfed are labelled with *.
(TIFF)

S3 Fig. Contact networks between household members aggregated over the whole study
duration. Edge thickness is proportional to the total time spent in proximity by two connected
individuals, and the edge colour indicates the time of the day during which it was mainly
active: blue = morning (Panel A), yellow = late morning-lunch (Panel B), red = afternoon
(Panel C), and green = late afternoon-evening (Panel D).

(TIFF)

Author Contributions

Conceptualization: Laura Ozella, Francesco Gesualdo, Michele Tizzoni, Elisabetta Pandolfi,
Alberto Eugenio Tozzi, Ciro Cattuto.

Data curation: Laura Ozella, Francesco Gesualdo, Ilaria Campagna.

Formal analysis: Laura Ozella, Michele Tizzoni.

Funding acquisition: Francesco Gesualdo, Alberto Eugenio Tozzi, Ciro Cattuto.
Investigation: Francesco Gesualdo.

Project administration: Elisabetta Pandolfi, Ilaria Campagna, Alberto Eugenio Tozzi, Ciro
Cattuto.

Supervision: Alberto Eugenio Tozzi, Ciro Cattuto.
Visualization: Laura Ozella, Michele Tizzoni.
Writing - original draft: Laura Ozella, Francesco Gesualdo, Michele Tizzoni, Caterina Rizzo.

Writing - review & editing: Michele Tizzoni, Alberto Eugenio Tozzi, Ciro Cattuto.

References

1. Grassly NC, Fraser C. Mathematical models of infectious disease transmission. Nat Rev Microbiol
2008; 6(6). https://doi.org/10.1038/nrmicro1845 PMID: 18533288

2. ZagheniE, Billari FC, Manfredi P, Melegaro A, Mossong J, Edmunds WJ. Using time-use data to
parameterize models for the spread of close-contact infectious diseases. Am J Epidemiol. 2008; 168
(9): 1082—-1090. https://doi.org/10.1093/aje/kwn220 PMID: 18801889

3. Wallinga J, Teunis P, Kretzschmar M. Using data on social contacts to estimate age-specific transmis-
sion parameters for respiratory-spread infectious agents. Am J Epidem. 2011; 164(10): 936—-944.
https://doi.org/10.1093/aje/kwj317 PMID: 16968863

4. MossongJ, Hens N, Jit M, Beutels P, Auranen K, Mikolajczyk R, et al. Social contacts and mixing pat-
terns relevant to the spread of infectious diseases. PLoS Med. 2008; 5(3): e74. https://doi.org/10.1371/
journal.pmed.0050074 PMID: 18366252

5. Horby P, Thai PQ, Hens N, Yen NTT, Thoang DD, Linh NM, et al. Social contact patterns in Vietham
and implications for the control of infectious diseases. PloS One. 2011; 6(2): e16965. https://doi.org/10.
1371/journal.pone.0016965 PMID: 21347264

6. Barrat A, Cattuto C, Tozzi AE, Vanhems P, Voirin N. Measuring contact patterns with wearable sensors:
methods, data characteristics and applications to data-driven simulations of infectious diseases. Clin
Microbiol Infect. 2014; 20(1): 10—16. https://doi.org/10.1111/1469-0691.12472 PMID: 24267942

7. SekaraV, Stopczynski A, Lehmann S. Fundamental structures of dynamic social networks. Proc Natl
Acad Sci USA. 2016; 113(36): 9977-82. https://doi.org/10.1073/pnas.1602803113 PMID: 27555584

8. IsellaL, Romano M, Barrat A, Cattuto C, Colizza V, Van den Broeck W, et al. Close encounters in a
pediatric ward: measuring face-to-face proximity and mixing patterns with wearable sensors. PloS One.
2011; 6(2): e17144. https://doi.org/10.1371/journal.pone.0017144 https://doi.org/10.1371/journal.
pone.0017144 PMID: 21386902

PLOS ONE | https://doi.org/10.1371/journal.pone.0198733  June 7,2018 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198733.s005
https://doi.org/10.1038/nrmicro1845
http://www.ncbi.nlm.nih.gov/pubmed/18533288
https://doi.org/10.1093/aje/kwn220
http://www.ncbi.nlm.nih.gov/pubmed/18801889
https://doi.org/10.1093/aje/kwj317
http://www.ncbi.nlm.nih.gov/pubmed/16968863
https://doi.org/10.1371/journal.pmed.0050074
https://doi.org/10.1371/journal.pmed.0050074
http://www.ncbi.nlm.nih.gov/pubmed/18366252
https://doi.org/10.1371/journal.pone.0016965
https://doi.org/10.1371/journal.pone.0016965
http://www.ncbi.nlm.nih.gov/pubmed/21347264
https://doi.org/10.1111/1469-0691.12472
http://www.ncbi.nlm.nih.gov/pubmed/24267942
https://doi.org/10.1073/pnas.1602803113
http://www.ncbi.nlm.nih.gov/pubmed/27555584
https://doi.org/10.1371/journal.pone.0017144
https://doi.org/10.1371/journal.pone.0017144
https://doi.org/10.1371/journal.pone.0017144
http://www.ncbi.nlm.nih.gov/pubmed/21386902
https://doi.org/10.1371/journal.pone.0198733

@° PLOS | ONE

Contacts patterns between infants and household members

10.

11.

12

13.

14.

15.

16.

17.

18.

19.
20.

21,

22,

23.

24,

25.

26.

27.

28.

Vanhems P, Barrat A, Cattuto C, Pinton JF, Khanafer N, Régis C, et al. Estimating potential infection
transmission routes in hospital wards using wearable proximity sensors. PloS One. 2013; 8(9): €73970.
https://doi.org/10.1371/journal.pone.0073970 https://doi.org/10.1371/journal.pone.0073970 PMID:
24040129

Voirin N, Payet C, Barrat A, Cattuto C, Khanafer N, Régis C, et al. Combining high-resolution contact
data with virological data to investigate influenza transmission in a tertiary care hospital. Infect Cont
Hosp Ep. 2015; 36(3): 254—260. https://doi.org/10.1017/ice.2014.53 PMID: 25695165

Stehlé J, Voirin N, Barrat A, Cattuto C, Isella L, Pinton JF, et al. High-resolution measurements of face-
to-face contact patterns in a primary school. PloS One. 2011; 6(8): €23176. https://doi.org/10.1371/
journal.pone.0023176 https://doi.org/10.1371/journal.pone.0023176 PMID: 21858018

Greenberg DP, von Kénig CHW, Heininger U. Health burden of pertussis in infants and children. Pediatr
Infect Dis J. 2005; 24(5): S39-S43.

Mclintyre P, Wood N. Pertussis in early infancy: disease burden and preventive strategies. Curr Opin
Infect Dis. 2009; 22(3): 215-223. https://doi.org/10.1097/QC0O.0b013e32832b3540 PMID: 19395958

American Academy of Pediatrics. Pertussis (Whooping Cough). In: Kimberlin DW, Brady MT, Jackson
MA, Long SS, editors. Red Book: 2015 Report of the Committee on Infectious Diseases. American
Academy of Pediatrics; 2015. pp. 608—621.

Wendelboe AM, Njamkepo E, Bourillon A, Floret DD, Gaudelus J, Gerber M, et al. Transmission of Bor-
detella pertussis to young infants. Pediatr Infect Dis J. 2007; 26(4): 293—299. https://doi.org/10.1097/
01.inf.0000258699.64164.6d PMID: 17414390

de Greeff SC, Mooi FR, Westerhof A, Verbakel JMM, Peeters MF, Heuvelman CJ, et al. Pertussis dis-
ease burden in the household: how to protect young infants. Clin Infect Dis. 2010; 50(10): 1339-1345.
https://doi.org/10.1086/652281 https://doi.org/10.1086/652281 PMID: 20370464

Skoff TH, Kenyon C, Cocoros N, Liko J, Miller L, Kudish K, et al. Sources of infant pertussis infection in
the United States. Pediatrics. 2015; 136(4): 635—-641. https://doi.org/10.1542/peds.2015-1120 PMID:
26347437

van Hoek AJ, Andrews N, Campbell H, Amirthalingam G, Edmunds WJ, Miller E. The social life of infants
in the context of infectious disease transmission; social contacts and mixing patterns of the very young.
PloS One. 2013; 8(10): €76180. https://doi.org/10.1371/journal.pone.0076180 PMID: 24146835

http://www.sociopatterns.org

Cattuto C, Van den Broeck W, Barrat A, Colizza V, Pinton JF, Vespignani A. Dynamics of Person-to-
Person Interactions from Distributed RFID Sensor Networks. PloS One. 2010; 5(7): e11596. https://doi.
org/10.1371/journal.pone.0011596 PMID: 20657651

Stehlé J, Voirin N, Barrat A, Cattuto C, Colizza V, Isella L, et al. Simulation of an SEIR infectious disease
model on the dynamic contact network of conference attendees. BMC Medicine. 2011; 9:87. https://
doi.org/10.1186/1741-7015-9-87 PMID: 21771290

Van den Broeck W, Cattuto C, Barrat A, Szomszor M, Correndo G, Alani H. The Live Social Semantics
application: a platform for integrating face-to-face presence with on-line social networking. In: First Inter-
national Workshop on Communication, Collaboration and Social Networking in Pervasive Computing
Environments (PerCol 2010). Proceedings of the 8th Annual IEEE International Conference on Perva-
sive Computing and Communications, Mannheim, Germany. 2010; pp. 226-231.

Xie X, Li'Y, Chwang ATY, Ho PL, Seto WH. How far droplets can move in indoor environments—revisit-
ing the Wells evaporation—falling curve. Indoor Air. 2007; 17(3): 211-225. https://doi.org/10.1111/.
1600-0668.2007.00469.x PMID: 17542834

Kiti MC, Tizzoni M, Kinyanjui TM, Koech DC, Munywoki PK, Meriac M, et al. Quantifying social contacts
in a household setting of rural Kenya using wearable proximity sensors. EPJ Data Science. 2016; 5:21.
https://doi.org/10.1140/epjds/s13688-016-0084-2 PMID: 27471661

R Core Team, 2014. R: A language and environment for statistical computing. R Foundation for Statisti-
cal Computing, Vienna, Austria. <http://www.R-project.org/>.

van Hoek AJ, Andrews N, Campbell H, Amirthalingam G, Edmunds WJ, Miller E. The social life of
infants in the context of infectious disease transmission; social contacts and mixing patterns of the very
young. PloS One. 2013; 8(10): €76180. https://doi.org/10.1371/journal.pone.0076180 PMID:
24146835

Goeyvaerts N, Santermans E, Potter G, Torneri A, Van Kerckhove K, Willem L, Aerts M, Beutels P,
Hens N. Household Members Do Not Contact Each Other at Random: Implications for Infectious Dis-
ease Modelling. bioRxiv. 2017 Jan 1:220202.

Mossong J, Hens N, Jit M, Beutels P, Auranen K, Mikolajczyk R, et al. Social contacts and mixing pat-
terns relevant to the spread of infectious diseases. PLoS Med. 2008; 5(3): e74. https://doi.org/10.1371/
journal.pmed.0050074 PMID: 18366252

PLOS ONE | https://doi.org/10.1371/journal.pone.0198733  June 7,2018 15/16


https://doi.org/10.1371/journal.pone.0073970
https://doi.org/10.1371/journal.pone.0073970
http://www.ncbi.nlm.nih.gov/pubmed/24040129
https://doi.org/10.1017/ice.2014.53
http://www.ncbi.nlm.nih.gov/pubmed/25695165
https://doi.org/10.1371/journal.pone.0023176
https://doi.org/10.1371/journal.pone.0023176
https://doi.org/10.1371/journal.pone.0023176
http://www.ncbi.nlm.nih.gov/pubmed/21858018
https://doi.org/10.1097/QCO.0b013e32832b3540
http://www.ncbi.nlm.nih.gov/pubmed/19395958
https://doi.org/10.1097/01.inf.0000258699.64164.6d
https://doi.org/10.1097/01.inf.0000258699.64164.6d
http://www.ncbi.nlm.nih.gov/pubmed/17414390
https://doi.org/10.1086/652281
https://doi.org/10.1086/652281
http://www.ncbi.nlm.nih.gov/pubmed/20370464
https://doi.org/10.1542/peds.2015-1120
http://www.ncbi.nlm.nih.gov/pubmed/26347437
https://doi.org/10.1371/journal.pone.0076180
http://www.ncbi.nlm.nih.gov/pubmed/24146835
http://www.sociopatterns.org
https://doi.org/10.1371/journal.pone.0011596
https://doi.org/10.1371/journal.pone.0011596
http://www.ncbi.nlm.nih.gov/pubmed/20657651
https://doi.org/10.1186/1741-7015-9-87
https://doi.org/10.1186/1741-7015-9-87
http://www.ncbi.nlm.nih.gov/pubmed/21771290
https://doi.org/10.1111/j.1600-0668.2007.00469.x
https://doi.org/10.1111/j.1600-0668.2007.00469.x
http://www.ncbi.nlm.nih.gov/pubmed/17542834
https://doi.org/10.1140/epjds/s13688-016-0084-2
http://www.ncbi.nlm.nih.gov/pubmed/27471661
http://www.R-project.org/
https://doi.org/10.1371/journal.pone.0076180
http://www.ncbi.nlm.nih.gov/pubmed/24146835
https://doi.org/10.1371/journal.pmed.0050074
https://doi.org/10.1371/journal.pmed.0050074
http://www.ncbi.nlm.nih.gov/pubmed/18366252
https://doi.org/10.1371/journal.pone.0198733

@° PLOS | ONE

Contacts patterns between infants and household members

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Campbell PT, McVernon J, Shrestha N, Nathan PM, Geard N. Who's holding the baby? A prospective
diary study of the contact patterns of mothers with an infant. BMC Infect Dis. 2017 Dec; 17(1): 634.
https://doi.org/10.1186/s12879-017-2735-8 PMID: 28931390

Smieszek T, Castell S, Barrat A, Cattuto C, White PJ, Krause G. Contact diaries versus wearable prox-
imity sensors in measuring contact patterns at a conference: method comparison and participants’ atti-
tudes. BMC infectious diseases. 2016 Jul 22; 16(1):341.

Leung K, Jit M, Lau EH, Wu JT. Social contact patterns relevant to the spread of respiratory infectious
diseases in Hong Kong. Sci Rep. 2017; 7(1): 7974. https://doi.org/10.1038/s41598-017-08241-1 PMID:
28801623

Guideline for Isolation Precautions: Preventing Transmission of Infectious Agents in Healthcare Set-
tings (2007). Available from: https://www.cdc.gov/infectioncontrol/guidelines/isolation/scientific-review.
html

Kara EO, Campbell H, Ribeiro S, Fry NK, Litt D, Eletu S, et al. Survey of household contacts of infants
with laboratory-confirmed pertussis infection during a national pertussis outbreak in England and
Wales. Pediatr Infect Dis J. 2017; 36(2): 140—145. https://doi.org/10.1097/INF.0000000000001378
PMID: 27755466

de Greeff SC, de Melker HE, Westerhof A, Schellekens JF, Mooi FR, van Boven M. Estimation of
household transmission rates of pertussis and the effect of cocooning vaccination strategies on infant
pertussis. Epidemiology. 2012; 23(6):852—60. https://doi.org/10.1097/EDE.0b013e31826c2b9e PMID:
23018969

Blain AE, Lewis M, Banerjee E, Kudish K, Liko J, McGuire S, et al. An Assessment of the Cocooning
Strategy for Preventing Infant Pertussis—United States, 2011. Clin Infect Dis. 2016; 63(suppl_4):
S$221-8226. https://doi.org/10.1093/cid/ciw528 PMID: 27838676

Munoz FM, Bond NH, Maccato M, Pinell P, Hammill HA, Swamy GK, et al. Safety and immunogenicity
of tetanus diphtheria and acellular pertussis (Tdap) immunization during pregnancy in mothers and
infants: a randomized clinical trial. JAMA. 2014; 311(17): 1760—-1769. https://doi.org/10.1001/jama.
2014.3633 PMID: 24794369

Baxter R, Bartlett J, Fireman B, Lewis E, Klein NP. Effectiveness of vaccination during pregnancy to
prevent infant pertussis. Pediatrics. 2017; e20164091. https://doi.org/10.1542/peds.2016-4091 PMID:
28557752

Atkins KE, Fitzpatrick MC, Galvani AP, Townsend JP. Cost-effectiveness of pertussis vaccination dur-
ing pregnancy in the United States. Am J Epidemiol. 2016; 183(12): 1159—-1170. https://doi.org/10.
1093/aje/kwv347 PMID: 27188951

Jackson S, Mathews KH, Pulani¢ D, Falconer R, Rudan I, Campbell H, et al. Risk factors for severe
acute lower respiratory infections in children—a systematic review and meta-analysis. Croat Med J.
2013; 54(2): 110-121. hitps://doi.org/10.3325/cmj.2013.54.110 PMID: 23630139

Centers for Disease Control and Prevention, Guidance for prevention and control of influenza in the
peri- and postpartum settings. Available from: http://www.cdc.gov/flu/professionals/infectioncontrol/
peri-post-settings.htm.

Pandolfi E, Gesualdo F, Carloni E, Villani A, Midulla F, Carsetti R, et al. Does Breastfeeding Protect
Young Infants From Pertussis? Case-control Study and Immunologic Evaluation. Pediatr Infect Dis J.
2017; 36(3): e48—e53. hitps://doi.org/10.1097/INF.0000000000001418 PMID: 27870812

Melegaro A, Del Fava E, Poletti P, Merler S, Nyamukapa C, Williams J, Gregson S, Manfredi P. Social
Contact Structures and Time Use Patterns in the Manicaland Province of Zimbabwe. PLoS ONE. 2017
Jan 18; 12(1):e0170459. https://doi.org/10.1371/journal.pone.0170459 PMID: 28099479

Prem K, Cook AR, Jit M. Projecting social contact matrices in 152 countries using contact surveys and
demographic data. PLoS Comput Biol 2017 Sep 12; 13(9):e1005697. https://doi.org/10.1371/journal.
pcbi. 1005697 PMID: 28898249

Kiti MC, Kinyanjui TM, Koech DC, Munywoki PK, Medley GF, Nokes DJ. Quantifying age-related rates
of social contact using diaries in a rural coastal population of Kenya. PLoS ONE. 2014 Aug 15; 9(8):
e104786. https://doi.org/10.1371/journal.pone.0104786 PMID: 25127257

PLOS ONE | https://doi.org/10.1371/journal.pone.0198733  June 7,2018 16/16


https://doi.org/10.1186/s12879-017-2735-8
http://www.ncbi.nlm.nih.gov/pubmed/28931390
https://doi.org/10.1038/s41598-017-08241-1
http://www.ncbi.nlm.nih.gov/pubmed/28801623
https://www.cdc.gov/infectioncontrol/guidelines/isolation/scientific-review.html
https://www.cdc.gov/infectioncontrol/guidelines/isolation/scientific-review.html
https://doi.org/10.1097/INF.0000000000001378
http://www.ncbi.nlm.nih.gov/pubmed/27755466
https://doi.org/10.1097/EDE.0b013e31826c2b9e
http://www.ncbi.nlm.nih.gov/pubmed/23018969
https://doi.org/10.1093/cid/ciw528
http://www.ncbi.nlm.nih.gov/pubmed/27838676
https://doi.org/10.1001/jama.2014.3633
https://doi.org/10.1001/jama.2014.3633
http://www.ncbi.nlm.nih.gov/pubmed/24794369
https://doi.org/10.1542/peds.2016-4091
http://www.ncbi.nlm.nih.gov/pubmed/28557752
https://doi.org/10.1093/aje/kwv347
https://doi.org/10.1093/aje/kwv347
http://www.ncbi.nlm.nih.gov/pubmed/27188951
https://doi.org/10.3325/cmj.2013.54.110
http://www.ncbi.nlm.nih.gov/pubmed/23630139
http://www.cdc.gov/flu/professionals/infectioncontrol/peri-post-settings.htm
http://www.cdc.gov/flu/professionals/infectioncontrol/peri-post-settings.htm
https://doi.org/10.1097/INF.0000000000001418
http://www.ncbi.nlm.nih.gov/pubmed/27870812
https://doi.org/10.1371/journal.pone.0170459
http://www.ncbi.nlm.nih.gov/pubmed/28099479
https://doi.org/10.1371/journal.pcbi.1005697
https://doi.org/10.1371/journal.pcbi.1005697
http://www.ncbi.nlm.nih.gov/pubmed/28898249
https://doi.org/10.1371/journal.pone.0104786
http://www.ncbi.nlm.nih.gov/pubmed/25127257
https://doi.org/10.1371/journal.pone.0198733

