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Abstract

Acute lower respiratory infections (ALRI) are a leading cause of morbidity and mortality glob-
ally, with most ALRI deaths occurring in children in developing countries. Computational
models can be used to test the efficacy of respiratory infection prevention interventions, but
require data on social mixing patterns, which are sparse in developing countries. We
describe social mixing patterns among a rural community in northern India. During October
2015-February 2016, trained field workers conducted cross-sectional face-to-face standard-
ized surveys in a convenience sample of 330 households in Faridabad District, Haryana
State, India. Respondents were asked about the number, duration, and setting of social
interactions during the previous 24 hours. Responses were compared by age and gender.
Among the 3083 residents who were approached, 2943 (96%) participated, of whom 51%
were male and the median age was 22 years (interquartile range (IQR) 9-37). Respondents
reported contact (defined as having had a face-to-face conversation within 3 feet, which
may or may not have included physical contact) with a median of 17 (IQR 12-25) people
during the preceding 24 hours. Median total contact time per person was 36 person-hours
(IQR 26-52). Female older children and adults had significantly fewer contacts than males
of similar age (Kruskal-Wallis y2 = 226.59, p<0.001), but spent a longer duration in contact
with young children (Kruskal-Wallis x2 = 27.26, p<0.001), suggesting a potentially complex
pattern of differential risk of infection between genders. After controlling for household size
and day of the week, respondent age was significantly associated with number and duration
of contacts. These findings can be used to model the impact of interventions to reduce lower
respiratory tract infections in India.
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Introduction

Acute lower respiratory infections (ALRIs) are major contributors to morbidity and mortality
globally, especially in developing nations [1-5]. Globally, ALRI results in an estimated 2.7 mil-
lion deaths per year [6]. Among children less than five years old, an estimated 704,000 ALRI
deaths occurred in 2015, accounting for 12% of deaths in this age group [6]. The majority of
ALRI deaths in children less than five years old occur in developing countries [6, 7].

Influenza vaccines have been available for over 50 years, and are increasingly used in young
children. Respiratory Syncytial Virus (RSV) vaccines are in late stage development and may be
available for routine use in the near future. Influenza viruses and RSV are estimated to cause
13% and 22% of ALRI cases in children 0-4 years old, respectively [8, 9]. Whereas young
infants bear the highest burden of ALRI, school-aged children are thought to play a key role in
driving epidemics of respiratory viruses due to their close contacts with other children at
home and in schools. Thus, vaccination of school-age children [10-12] and school closure [13]
have been proposed as interventions for reducing the burden of influenza and RSV illness
among both children and other age groups. A second strategy, influenza and RSV vaccination
of pregnant women, has been proposed to protect young infants who are not eligible to receive
vaccine [14].

Computational models are a potential tool for assessing the effectiveness of interventions to
reduce the burden of influenza and RSV-associated ALRI. A common approach is to model
the population as compartments with distinct infection status, requiring knowledge of the rate
at which susceptible individuals come into contact with infectious individuals or their ‘contact
rate’ [15]. Such age-stratified models also utilize the rates of mixing between age groups in a
community of interest as an input [16]. Studies have universally observed that social mixing is
age-assortative—i.e. people tend to mix with others their own age—though intergenerational
contacts, such as parent-child interactions, and differences by gender exist between studies
[17-24]. These data are key to model disease transmission but may vary from context to con-
text depending on cultural norms in different communities and societies. Knowledge of who-
mixes-with-whom [25] is, however, currently lacking for populations in India, a country with
18% of the world’s population [26] and limited healthcare infrastructure, where sporadic
reports of avian influenza occur [27].

Contact diaries that allow respondents to self-report on their daily interactions with others
are a common method for capturing social mixing data from a large representative sample of
individuals [28, 29]. Contact diaries record the sociodemographic information of study
respondents and ask them to characterize the nature of all contacts they make throughout a
given time period. For the study of respiratory illness, surveys seek to capture encounter infor-
mation pertinent to the transmission of common respiratory pathogens: this includes the
length and quantity of contact events, where a contact event is defined as face-to-face encoun-
ters with others that included talk and/or touch. Self-reported contacts from European popula-
tions have proved to be a good proxy for contact rate parameters in models of airborne or
droplet-borne infectious disease transmission [30], though validity of self-reported contacts
may vary across populations.

We conducted a social mixing study in a rural area in Ballabgarh, Haryana, 36 km southeast
of New Delhi, the capital of India. The study aimed to describe the social contact patterns of
individuals in sampled households in five villages. We present analyses of mixing patterns,
including age-based mixing matrices. In order to examine whether males and females have dif-
ferent numbers or locations of contacts in Haryana, which is known to be a patriarchal society,
we also examine correlates of mixing among women and men, and present hypotheses regard-
ing infection risk in this rural Indian population.
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Materials & methods
Field site

Our field site was in Ballabgarh, Faridabad district, Haryana, India. This is a rural, farm-own-
ing population, in which multi-generational households are the norm. We selected a conve-
nience sample of 330 households in five villages, representing 14% of households in an existing
ARI surveillance platform that included weekly household visits by trained health workers to
capture ARI and influenza episodes among children <10 years old and adults >60 years old
[31, 32]. A household was defined as people who ate meals cooked in the same kitchen, as
reported in the most recent census of this population, conducted in May 2016.

Ethical review

This study was reviewed and approved by the ethics boards at the All India Institute of Medical
Sciences, New Delhi (IEC/NP-121/10-4-2015), as well as at the University of Pittsburgh
(PRO15100147) and the Centers for Disease Control and Prevention, Atlanta (FWA
00014191). We received written consent from all participants, with caregivers providing writ-
ten consent for participants below 7y age.

Contact diary survey

Each resident of sampled households was approached for consent at the beginning of the
study; a caregiver consented for children. At each participating household, a structured ques-
tionnaire of social contacts over the past 24 hours was administered in a face-to-face interview
with each respondent. All individuals in each household were interviewed; a caregiver
responded for children five years old or younger, whereas children 6-10 years old responded
in the presence of a caregiver. All respondents 12-18y age were interviewed by an interviewer
of the same gender as that of the respondent. A contact was defined as having had a face-to-
face conversation within 3 feet, which may or may not have included physical contact. Respon-
dents reported the age and sex of contacts, along with the total duration of encounter(s), place
of contact (at home, work, school, during transport, or other), and location of the contact of
maximum duration (geocoded). Respondents could report an encounter with multiple indi-
viduals as a “group” contact, including the number and age range of people in the group, and
average duration of contact with each individual in the group.

Number of contacts

We first calculated the total number of individual people reported as contacts by each respon-
dent over the previous day, and then added the total number of people in reported groups to
estimate the total number of people contacted by a respondent on the previous day.

Contact setting

Interviewers recorded the address where the group contact or longest encounter with each per-
son (who was reported as a contact by the respondent) occurred. All addresses were located on
Google maps (https://www.maps.google.com) and geocoded (the latitude and longitude
recorded) by a field staft member.

Duration of contacts

The amount of time spent with each contacted person was recorded on a categorical scale:
“less than 5 minutes,” “5 to 14 minutes,” “15 to 59 minutes,” “1 to 4 hours,” and “greater than

» « » «
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4 hours.” We drew 1000 random samples from a uniform distribution over each response
option: for example, if a person reported that she spent 5-14 minutes with a contact, we picked
a duration randomly from a uniform integer interval between 5 and 14 minutes. We estimated
the duration of the contact as the average over these multiple random samples. If a person
reported spending >4h with a contact, we estimated the duration of contact between 241 min-
utes (4.016h) and 8h (the usual maximum for a working day). For each respondent, the total
amount of time spent in contact was calculated as the sum of duration of all encounters
reported by the respondent.

Age-specific contact number and duration

We calculated contact numbers and contact duration by respondent age-group (six groups:
<ly, 1-4y, 5-19y, 20-34y, 35-64y, > = 65y). We used descriptive statistics, including boxplots,
and the Kruskal-Wallis non-parametric H test [33] to examine contact rate differences by
respondent gender and age category, and Dunn’s test to examine pairwise differences with
Bonferroni correction for multiple comparisons [34].

Age-assortative mixing matrices

To facilitate the use of these data in future mathematical models of disease transmission, we
calculated age-assortative mixing matrices using the number of contacts, or the duration of
contacts as our variables of interest.

To examine if the number of contacts between age groups deviated from what we might
expect if mixing were random, we calculated the ratio of observed number (and duration) of
contacts between age category dyads to the expected number (and duration) of contacts if mix-
ing were proportional to census population counts; we used census population counts for rural
Faridabad, Haryana, from the 2011 census of India [35]. If individuals in our sample were mix-
ing randomly, then we would expect to observe individuals’ contact to be distributed across
age groups proportional to the size of the age-groups in the population. If, however, individu-
als are mixing assortatively by age-where individuals preferentially mix with others of similar
age to themselves—we would expect to see more contact with their own age group than ex-
pected through random mixing alone, yielding a ratio greater than one. We multiplied the
population proportion in each age group from the census to the number or duration of con-
tacts reported by respondents in each age category to find the expected contacts if mixing were
random. We present these observed to expected ratios along with 95% Cls from 1,000 boot-
strapped samples of respondents’ contact numbers (or durations). Ratios greater than one sig-
nify greater than expected mixing between the two age-categories. Hypothesizing that age-
assortative mixing matrices may differ by gender in a patriarchal society, we also present
matrices stratified by respondent gender; these serve to generate hypotheses about the gender-
specific risks of infection that may arise due to the number and duration of contacts with chil-
dren. We aggregated the <1 year and 1-4 year categories, as well as the 20-34 year and 35-64
year categories in order to increase the sample size in each age category.

Regression models to examine differences in contacts by gender and to
identify independent correlates of contacts

We built univariate negative binomial regression models stratified by gender with number of
contacts as the outcome, and age splines as predictors to examine the differences in contacts
by gender. We fitted a cubic spline to age using the flexcurv command in STATA [36]s, with
reference points at 0, 5, 10, 20, 35, 60, and 80 years old. These age splines were the independent
variable in a model with contact number as the outcome. We predicted contact number from
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this model and plotted it to examine differences by gender in the smoothed age-specific con-
tact numbers.

We also fitted multivariate negative binomial regression models to examine the independent
impact of age (categorical), household size, and weekend (Saturday or Sunday versus other
days) on the number and duration of contacts. Given the different pattern of contacts reported
by males and females in this study, we stratified the model by gender. We used age categories
<y, 1-4y, 5-19y, 20-34y, 35-59y, and > = 60 years old rather than the splines to ease interpreta-
tion. The age category 5-19 years old (the group with the greatest number of contacts in previ-
ous studies [18, 37]) was used as the reference category. Variance estimators accounted for
clustering at the household level. We present adjusted rate ratios from these regression models.

Results

Between October 20, 2015 and February 29, 2016 (corresponding to the winter season, when a
minor peak in influenza is observed annually in the region around Delhi [38]), we approached
3083 individuals in 330 households; 2943 individuals (95.5%) were available and willing to par-
ticipate in the survey. Characteristics of those included in the survey are presented in Table 1.
The respiratory infection status of individuals and correlation, if any, with contact numbers
and duration, will be reported separately. Respondents reported contacting a total of 47,558
individuals, and 24,931 people in group-settings for a total of 72,489 total contacts.

Number of contacts

The median number of contacts with the past 24 hours was reported as 17 per respondent
(interquartile range (IQR) 12-25). The number of contacts differed by age-category (Fig A in
S1 Appendix; Kruskal-Wallis x> = 199.04, dof = 5, p<0.001). Infants had the fewest contacts
compared to every other age category (p<0.01), whereas 5-19 year old respondents had the
highest number of contacts (p<0.001). The number of contacts was positively correlated with
household size (spearman’s rho = 0.258; p<0.001).

Duration of contacts

The median total time spent in contact was 36 person-hours (IQR 26-52); which represents a
product of the total persons met in the day with the time spent with them. Person-hours is a

Table 1. Characteristics of respondents stratified by gender.

Characteristic n Males Females
n (%) n (%)

Total 2943 1505 (51.1) 1438 (48.9)

Age <ly 73 43 (58.9) 30 (41.1)
1-4y 305 173 (56.7) 132 (43.3)
5-19y 964 502 (52.1) 462 (47.9)
20-34y 776 364 (46.9) 412 (53.1)
35-59y 445 249 (56.0) 196 (44.0)
60y+ 380 174 (45.8) 206 (54.2)

Household size 2-6 490 262 (53.5) 228 (46.5)
7-9 738 385 (52.2) 353 (47.8)
10-13 876 439 (50.1) 437 (49.9)
14+ 831 414 (49.8) 417 (50.2)

Day of the week Weekday 2124 1040 (49.0) 1084 (51.0)
Weekend 819 465 (56.8) 354 (43.2)

https://doi.org/10.1371/journal.pone.0209039.t001
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measure of the hours for which the respondent has been exposed to others. Time spent in contact
differed by age-category (Kruskal-Wallis 3> = 401.34, dof = 5, p<0.001). Persons 1-4 and 5-19
years old had more person-hours in contact than any other age category (p<0.001), whereas
adults > = 60 years old had the lowest duration in contact (p<0.05) (Fig B in S1 Appendix).
There was an increase in the proportion of contacts that were physical as duration of contacts
increased (Fig C in S1 Appendix). A greater proportion of contacts that occurred daily were
reported to be physical than those that had occurred for the first time (Fig D in S1 Appendix).

Age-assortativity in contacts

Age-assortativity was observed in the number (Fig 1A) and duration (Fig 1B) of contacts
reported by respondents. Brighter colors outside the diagonal are also apparent especially in
duration of contacts (Fig 1B).

We quantified the ratio of observed age-specific mixing to a random mixing assumption as
described in the methods. As shown in Fig 2A, this ratio is greater than one in all age-assorta-
tive categories for number of contacts. The ratio is also greater than one for age-assortative
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Fig 1. Average number of contacts reported by respondents with contacts of each age-group (A). Average number of
person-hours spent by respondents in contact with people of each age-group (B).

https://doi.org/10.1371/journal.pone.0209039.9001
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Fig 2. Age-specific mixing matrices. Number of contacts are shown in A, and duration in B. Numeric values
represent the ratio of the observed (O) proportion of contacts reported by each respondent age-category with each
contact age category to that expected (E) if mixing were proportional to census population proportions in each age
category (95% CI).

https://doi.org/10.1371/journal.pone.0209039.9002

duration of contact. The duration of contact between 20-59 year old adults and 0-4 year old
children is greater than would be expected if mixing were proportional, though the number of
contacts between these two age categories is not greater than what would be expected if mixing
between these age groups were proportional to their relative size in the population (Compare
Fig 2A and 2B).

Factors independently associated with contact number and duration

Adjusted rate ratios are shown in Table 2, with the intercept signifying the average number of
contacts or hours in contact for the reference age category (5-19 years age). With number of
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Table 2. Rate ratios (RRs) for factors influencing the number or duration of human contacts, by gender, Faridibad District, India, October 2015-February 2016.

Characteristic

Age

Household size

Weekend
Interceptt

<ly
1-4y
5-19y
20-34y
35-59y
60y+
2-6
7-9
10-13
14+

Number of contacts Duration of contacts
Adjusted RR (95% CI)* Adjusted RR (95% CI)*

Males Females Males Females

0.44 (0.38-0.51)
0.69 (0.59-0.79)
Reference

1.55 (1.26-1.91)
1.49 (1.20-1.85)
0.80 (0.66-0.96)
Reference

1.02 (0.83-1.25)
1.19 (0.96-1.48)
1.30 (1.07-1.59)
1.16 (0.97-1.39)

0.59 (0.52-0.67)
0.84 (0.76-0.93)
Reference

0.75 (0.67-0.84)
0.83 (0.73-0.95)
0.83 (0.75-0.93)
Reference

1.08 (0.89-1.31)
1.13 (0.94-1.36)
1.37 (1.11-1.70)
0.99 (0.89-1.11)

0.57 (0.50-0.66)
0.84 (0.74-0.96)
Reference

0.74 (0.67-0.81)
0.67 (0.60-0.76)
0.47 (0.41-0.54)
Reference

1.05 (0.93-1.19)
1.15 (1.03-1.29)
1.21 (1.06-1.37)
0.95 (0.87-1.04)

0.65 (0.57-0.73)
0.96 (0.86-1.07)
Reference

0.70 (0.64-0.77)
0.74 (0.66-0.84)
0.73 (0.65-0.82)
Reference

1.24 (1.09-1.42)
1.20 (1.07-1.35)
1.38 (1.20-1.58)
1.01 (0.91-1.13)

22.70 (19.18-26.87)

17.83 (15.20-20.90) 53.14 (47.98-58.86) 40.86 (36.87-45.28)

Abbreviations: RR, rate ratio; CI, confidence interval. Bold numbers are adjusted rate ratios significant with p-value<0.05.

*Values are exponentiated coefficients from a negative binomial model adjusting for age group, household size group, and weekend/weekday, and accounting for

clustering in households.

tIntercept values represent the number or duration of contacts for those in the reference category

https://doi.org/10.1371/journal.pone.0209039.t002

contacts as our outcome variable and stratifying by gender, we found that respondents from
households with 14 people or more had a significantly higher contact rate compared to respon-
dents from the households with 2-6 people after controlling for age and whether contacts were
reported for a weekday or weekend (females: adjusted rate ratio 1.37, 95% CI 1.11-1.70; males:
adjusted rate ratio 1.30, 95% CI 1.07-1.59). Age was significantly associated with contact rate
ratios in both women and men; women of all other age-categories had fewer contacts than 5-19
year old females. Men 20-59 years old had significantly more contacts than 5-19 year old peo-
ple, whereas male children <5 years and men > = 60 years old had fewer contacts than males
5-19 years old (Table 2). The rate ratio was not different between weekends and weekdays.

Duration spent in contact was significantly higher in households with ten or more people
for men, and in households with seven or more people for women. Males 5-19 years old had a
longer average contact duration than all other age groups. Females 5-19 years old had a longer
average contact duration compared to all other age categories except for 1-4-year-old girls,
compared to whom they had similar contact duration (Table 2).

Contact setting

A very large proportion of contacts overall occurred in the respondent’s home. For infants,
90% of all contacts took place in the home, whereas this number decreased to 80% for 1-4 year
old respondents, and to 58% for 5-19 year old respondents. Respondents 5-19 years old also
had a larger proportion of their contacts occurring farther from home compared to younger
children (Fig 3A). Respondents 20-34 years and 35-59 years old had a larger proportion of
their contacts occurring farther from home compared to older adults (Fig 3B).

Of contacts in each setting, 71% of contacts reported at home were reported to involve
physical touch, whereas in other settings, the proportions were 85% in transport, 84% in
school, 63% at work, and 58% in “other” settings (Fig E in S1 Appendix). Outside the home,
we observe contacts between 5-14y old children and 30-39y old adults, most likely school-
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further from home.

https://doi.org/10.1371/journal.pone.0209039.g003

based contacts between students and teachers. We also observe contacts between older adults,
most likely social contacts in the village. Contacts within the home were less age-assortative
than were contacts outside the home (Fig F in S1 Appendix).

Number of contacts by gender

Women had fewer total contacts than men in our sample (Kruskal-Wallis x> = 167.28, dof = 1,
p<0.001). Though women had more contacts than did men inside the home (Kruskal-Wallis
x° = 45.04, dof = 1, p<0.001), they made fewer contacts than men outside the home (Kruskal-
Wallis x* = 168.86, dof = 1, p<0.001). The gender disparity in contact rate was not apparent
early in childhood and in those > = 60 years old, but appeared in the 5-19, 20-34, and 35-
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59-year-old age categories. Using a univariate negative binomial regression model with num-
ber of contacts as the outcome and age splines as the independent variable, the difference in
contacts was apparent starting at age 10 years, and up until age 60 years (Fig 4).

We also observed that when we stratified respondents by gender, contact number and dura-
tion were age-assortative among males as well as females, but adult females 20-59 years and >
= 60 years old had a higher than expected contact duration with children 0-4 years old whereas
adult males did not (Fig 5).

Discussion

We found that in a rural area near New Delhi, people reported a median of 17 contacts over
the course of a day. Among females, school-age respondents (5-19 years old) made the most
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contacts whereas among men, working-age respondents made the most contacts. School-age
respondents of both genders spent the longest duration in contact with other individuals sug-
gesting that schools could be important places for disease transmission in this rural area. Adult
women reported fewer contacts than men, but spent a longer duration in contact with young
children than did men. These findings allow us to hypothesize that women may be exposed to
respiratory infectious agents at higher rates than adult men due to contact with young children
and at the same time, may expose infants to infections due to their close contact with them.
These are hypotheses that may be tested using gender- and age-stratified mathematical models
of respiratory infection transmission, and that can now be built using the gender-stratified,
age-assortative mixing matrices from this study. Findings from our study can be used to
inform future models of respiratory infection transmission in India.

Number, duration, and setting of contacts

We found that the median number of contacts per day among respondents in our rural Indian
setting was higher than the median number reported from a study in France [21] that allowed
reporting of group contacts (17 vs. 8 contacts per day), similar to the number reported from
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urban Hong Kong (18 contacts per day) [19], and higher than reported from rural Peru (12
contacts per day) [22]. Our median number of reported contacts was also similar to the aver-
age number reported for Italy (20 contacts per day), the European country with the highest
average contacts in the POLYMOD study, although the POLYMOD study did not allow
reporting of group contacts [18]. Including group contact helps refine previously used meth-
ods in contact diaries (capturing all contacts as individuals) by better capturing the right-hand
tail of degree distribution through reducing the reporting burden on participants who encoun-
tered very large numbers of contacts. Not surprisingly, for our sample characterized by a large
household size (median household size = 9), we found that number of contacts and duration
increase with household size. As seen in China [20], the duration spent in contact decreases
with age compared to school-age children. We found differences in travel patterns between
children and adults. Recent studies have suggested that compared to models with age-indepen-
dent mixing between patches on a grid, models accounting for age-stratified mixing between
patches resulted in virus movement rates more consistent with observed rates for multiple
influenza strains [39]. Our results of age-specific differences in distances traveled from home
may enable models to more accurately capture influenza epidemiology and further the model-
ing of influenza virus evolution.

Age-assortativity in contacts

We found the number of contacts to be highly age-assortative, similar to other studies that
have reported the greatest degree of assortativity in school-age individuals [40] and young
adults [41]. Whereas the duration of contact in our sample was also age-assortative, the 20-59
year old respondents reported spending time with not only their own age-category, but also
with 0-4 year old children. This latter pattern reflects parent/grandparent-child mixing.

Gender differences in reported contacts

Women reported fewer contacts than men in our study. Females have been reported to have
more contacts than males in the United States [42], and in France [21], but a study in rural
Peru found no differences in contacts by gender after controlling for household size and other
factors [22]. In South Africa, though no gender differences existed in contacts overall, women
had higher rates of contact with children than with men [43]. Women in our study reported a
longer duration in contact with children. The interaction between the reduced number of con-
tacts, and the increased duration of contacts with children warrants further study. Differential
exposure to respiratory infection-causing agents by gender (women having a longer duration
in contact with young children) might partially explain the higher mortality observed among
women in India during the 1918 influenza pandemic [44, 45], and the higher pneumonia mor-
tality among females 5-14 years old [46]. Our study provides the social mixing inputs to build
gender- and age-stratified mathematical models of respiratory infection transmission to exam-
ine whether differential exposure to agents contributes to gender disparities in mortality in
this population.

In addition to providing insights and inputs to future research focused on infectious disease
in India, our study highlights social processes of relevance to women’s health and well-being.
Starting at age 10 years, females had fewer contacts than males, and this gender-differential
pattern in the number of contacts was apparent in all respondents below age 60 years. Our
finding of differential contact numbers by gender among adolescent and adult women of
childbearing age may reflect the strong male-dominated social structure in this area. In this
region, the employment of women outside the home for wages, even on agricultural holdings
outside the family, is seen as compromising the family’s standing in the community [47].
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Caste, class, gender violence, and a power structure in villages dominated by older, high-caste
males have also previously been documented [48]. We may expect the contacts of adolescent
girls to be under strict supervision, given the intolerance for female sexuality outside the caste
of the family [48]. Our findings highlight the stark difference between girls and boys in poten-
tial developmental opportunities that may become available through social contacts.

Limitations

Contact diaries have several limitations. They suffer from recall bias, [28, 49], and respondents
may inaccurately recall the duration of interactions. Additionally, contact diaries are time and
resource-intensive means of capturing information, and require time investment on the part
of researchers to clarify expectations for respondents [28]. In areas where individual-level (as
compared to household-level) penetration of mobile technologies remains limited, contact dia-
ries remain a very useful means of capturing representative interpersonal contact events rele-
vant to the spread of infectious diseases from large numbers of participants [50]. Information
derived from contact diaries have also been shown to be informative for transmission models
of several infectious diseases [30, 51-53].

In this rural area of India, the validity of self-reported contacts may vary by age and gender,
but our findings are supported by the documented bias against women working outside the
home and gender power structures in Haryana, India [48]. Furthermore, there existed a
trusted relationship between the interviewers—who were part of a team providing free health-
care in the region—and the respondents in our setting, further bolstering confidence in our
findings.

Our survey was conducted in a convenience sample of households in five villages. These
households were selected due to the presence of children <10 years old and/or the presence of
adults > = 60 years old—two demographic sub-groups at high risk of severe outcomes of influ-
enza and other respiratory infections. One should use caution when generalizing these find-
ings; they are most representative of rural areas in Haryana. However, this sampling approach
does afford the opportunity to examine contact rates in households that are likely at greatest
risk of infection due to the presence of young children and older adults. In addition, contact
rates may differ between sick and well respondents. Time series data on contact mixing should
be examined along with infection state of individuals in a population to understand how the
dynamic nature of contact mixing behavior impacts infection risk, and is impacted by symp-
tomatic infection.

The field experience

The field experience generated some insights that may be useful for future studies conducting
contact surveys. In order to collect location of contact, field workers created a database of loca-
tions in the area that people often congregated at. All places of worship and shops in the vil-
lages were geocoded and maintained in a database that could be referenced during the survey.
In order to survey school children, surveyors had to ensure that they were able to be present at
households during the school lunch hour or after the school day. In order to contact people
working outside the home, surveyors had to visit the household early or late in the day. Finally,
the age at which children were likely to be able to self-report rather than have a caregiver
report for them had to be empirically determined. We found that children 5y or younger were
generally unable to self-report, and children 6-10y did not answer survey questions in the
absence of a caregiver. Best practices for surveying children may differ by location and should
be worked out prior to a study.
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In conclusion, this study provides estimates of age- and gender-stratified contact rates in
rural northern India, and lays the foundation for mathematical and computational models to
explore the impact of interventions to reduce ALRI burden.
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number of contacts reported by respondents in each age category. Pink dots represent mean
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Figure C in S1 Appendix. Proportion of contacts in each duration that were reported to be
physical (include touch).

Figure D in S1 Appendix. Proportion of contacts of each frequency that were reported to be
physical (include touch).

Figure E in S1 Appendix. Mean percentage of contacts in each location that were physical
(included touch).

Figure F in S1 Appendix. Age-assortative mixing matrices for number of contacts in the home
(left) and outside home (right).

(PDF)

Acknowledgments

The findings and conclusions in this report are those of the authors and do not necessarily rep-
resent the official position of the Centers for Disease Control and Prevention.

Author Contributions
Conceptualization: Supriya Kumar, Jonathan M. Read.
Formal analysis: Supriya Kumar, Eric Swetts, Jonathan M. Read.

Funding acquisition: Supriya Kumar, Kathryn E. Lafond, Seema Jain, Marc-Alain Widdow-
son, Anand Krishnan.

Methodology: Supriya Kumar, Jonathan M. Read.
Project administration: Supriya Kumar, Mudita Gosain, Hanspria Sharma, Anand Krishnan.
Resources: Kathryn E. Lafond, Fatimah S. Dawood, Anand Krishnan.

Supervision: Supriya Kumar, Mudita Gosain, Ritvik Amarchand, Rakesh Kumar, Seema Jain,
Anand Krishnan.

Writing - original draft: Supriya Kumar.

Writing - review & editing: Kathryn E. Lafond, Fatimah S. Dawood, Seema Jain, Marc-Alain
Widdowson, Jonathan M. Read, Anand Krishnan.

References

1. Brooks WA, Goswami D, Rahman M, Nahar K, Fry AM, Balish A, et al. Influenza is a major contributor
to childhood pneumonia in a tropical developing country. Pediatr Infect Dis J. 2010; 29(3):216-21.
https://doi.org/10.1097/INF.0b013e3181bc23fd PMID: 20190613

2. McIntosh K. Community-acquired pneumonia in children. N Engl J Med. 2002; 346(6):429-37. https:/
doi.org/10.1056/NEJMra011994 PMID: 11832532

PLOS ONE | https://doi.org/10.1371/journal.pone.0209039 December 21, 2018 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209039.s001
https://doi.org/10.1097/INF.0b013e3181bc23fd
http://www.ncbi.nlm.nih.gov/pubmed/20190613
https://doi.org/10.1056/NEJMra011994
https://doi.org/10.1056/NEJMra011994
http://www.ncbi.nlm.nih.gov/pubmed/11832532
https://doi.org/10.1371/journal.pone.0209039

®PLOS | one

Social mixing in India

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Scott JA, Brooks WA, Peiris JS, Holtzman D, Mulholland EK. Pneumonia research to reduce childhood
mortality in the developing world. J Clin Invest. 2008; 118(4):1291-300. https://doi.org/10.1172/
JCI33947 PMID: 18382741

LiuL, Oza S, Hogan D, Chu Y, Perin J, Zhu J, et al. Global, regional, and national causes of under-5
mortality in 2000—15: an updated systematic analysis with implications for the Sustainable Development
Goals. Lancet. 2016; 388(10063):3027—-35. https://doi.org/10.1016/S0140-6736(16)31593-8 PMID:
27839855

Ruuskanen O, Lahti E, Jennings LC, Murdoch DR. Viral pneumonia. Lancet. 2011; 377(9773):1264—
75. https://doi.org/10.1016/S0140-6736(10)61459-6 PMID: 21435708

Mortality GBD, Causes of Death C. Global, regional, and national life expectancy, all-cause mortality,
and cause-specific mortality for 249 causes of death, 1980—2015: a systematic analysis for the Global
Burden of Disease Study 2015. Lancet. 2016; 388(10053):1459-544. https://doi.org/10.1016/S0140-
6736(16)31012-1 PMID: 27733281

Walker CLF, Igor Rudan, Li Liu, Harish Nair, Evropi Theodoratou, Bhutta Zulfigar A., Katherine L.
O’Brien, Harry Campbell, and Robert E. Black.,. Global burden of childhood pneumonia and diarrhoea.
The Lancet 2013; 381(9875):1405-16.

Nair H, Brooks WA, Katz M, Roca A, Berkley JA, Madhi SA, et al. Global burden of respiratory infections
due to seasonal influenza in young children: a systematic review and meta-analysis. Lancet. 2011; 378
(9807):1917-30. https://doi.org/10.1016/S0140-6736(11)61051-9 PMID: 22078723

Nair H, Nokes DJ, Gessner BD, Dherani M, Madhi SA, Singleton RJ, et al. Global burden of acute lower
respiratory infections due to respiratory syncytial virus in young children: a systematic review and meta-
analysis. Lancet. 2010; 375(9725):1545-55. https://doi.org/10.1016/S0140-6736(10)60206-1 PMID:
20399493

Baguelin M, Flasche S, Camacho A, Demiris N, Miller E, Edmunds WJ. Assessing optimal target popu-
lations for influenza vaccination programmes: an evidence synthesis and modelling study. PLoS Med.
2013; 10(10):e1001527. https://doi.org/10.1371/journal.pmed.1001527 PMID: 24115913

Medlock J, Galvani AP. Optimizing influenza vaccine distribution. Science. 2009; 325(5948):1705-8.
https://doi.org/10.1126/science.1175570 PMID: 19696313

Munywoki PK, Koech DC, Agoti CN, Lewa C, Cane PA, Medley GF, et al. The source of respiratory syn-
cytial virus infection in infants: a household cohort study in rural Kenya. The Journal of infectious dis-
eases. 2014;209(11):1685-92. https://doi.org/10.1093/infdis/jit828 PMID: 24367040

Ali ST, Kadi AS, Ferguson NM. Transmission dynamics of the 2009 influenza A (H1N1) pandemic in
India: the impact of holiday-related school closure. Epidemics. 2013; 5(4):157-63. https://doi.org/10.
1016/j.epidem.2013.08.001 PMID: 24267871

Omer SB. Maternal Immunization. N Engl J Med. 2017; 376(13):1256—67. https://doi.org/10.1056/
NEJMra1509044 PMID: 28355514

Rock K, Brand S, Moir J, Keeling MJ. Dynamics of infectious diseases. Rep Prog Phys. 2014; 77
(2):026602. https://doi.org/10.1088/0034-4885/77/2/026602 PMID: 24444713

Anderson RM, Robert M. May, and Anderson B. Infectious diseases of humans: dynamics and control.
Oxford: Oxford university press; 1992.

Dodd PJ, Looker C, Plumb ID, Bond V, Schaap A, Shanaube K, et al. Age- and Sex-Specific Social
Contact Patterns and Incidence of Mycobacterium tuberculosis Infection. Am J Epidemiol. 2016; 183
(2):156-66. https://doi.org/10.1093/aje/kwv160 PMID: 26646292

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

Kwok KO, Cowling BJ, Wei VW, Wu KM, Read JM, Lessler J, et al. Social contacts and the locations in
which they occur as risk factors for influenza infection. Proc Biol Sci. 2014; 281(1789):20140709.
https://doi.org/10.1098/rspb.2014.0709 PMID: 25009062

Read JM, Lessler J, Riley S, Wang S, Tan LJ, Kwok KO, et al. Social mixing patterns in rural and urban
areas of southern China. Proc Biol Sci. 2014; 281(1785):20140268. https://doi.org/10.1098/rspb.2014.
0268 PMID: 24789897

Beraud G, Kazmercziak S, Beutels P, Levy-Bruhl D, Lenne X, Mielcarek N, et al. The French Connec-
tion: The First Large Population-Based Contact Survey in France Relevant for the Spread of Infectious
Diseases. PLoS One. 2015; 10(7):e0133203. https://doi.org/10.1371/journal.pone.0133203 PMID:
26176549

Grijalva CG, Goeyvaerts N, Verastegui H, Edwards KM, Gil Al, Lanata CF, et al. A household-based
study of contact networks relevant for the spread of infectious diseases in the highlands of Peru. PLoS
One. 2015; 10(3):e0118457. https://doi.org/10.1371/journal.pone.0118457 PMID: 25734772

PLOS ONE | https://doi.org/10.1371/journal.pone.0209039 December 21, 2018 15/17


https://doi.org/10.1172/JCI33947
https://doi.org/10.1172/JCI33947
http://www.ncbi.nlm.nih.gov/pubmed/18382741
https://doi.org/10.1016/S0140-6736(16)31593-8
http://www.ncbi.nlm.nih.gov/pubmed/27839855
https://doi.org/10.1016/S0140-6736(10)61459-6
http://www.ncbi.nlm.nih.gov/pubmed/21435708
https://doi.org/10.1016/S0140-6736(16)31012-1
https://doi.org/10.1016/S0140-6736(16)31012-1
http://www.ncbi.nlm.nih.gov/pubmed/27733281
https://doi.org/10.1016/S0140-6736(11)61051-9
http://www.ncbi.nlm.nih.gov/pubmed/22078723
https://doi.org/10.1016/S0140-6736(10)60206-1
http://www.ncbi.nlm.nih.gov/pubmed/20399493
https://doi.org/10.1371/journal.pmed.1001527
http://www.ncbi.nlm.nih.gov/pubmed/24115913
https://doi.org/10.1126/science.1175570
http://www.ncbi.nlm.nih.gov/pubmed/19696313
https://doi.org/10.1093/infdis/jit828
http://www.ncbi.nlm.nih.gov/pubmed/24367040
https://doi.org/10.1016/j.epidem.2013.08.001
https://doi.org/10.1016/j.epidem.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/24267871
https://doi.org/10.1056/NEJMra1509044
https://doi.org/10.1056/NEJMra1509044
http://www.ncbi.nlm.nih.gov/pubmed/28355514
https://doi.org/10.1088/0034-4885/77/2/026602
http://www.ncbi.nlm.nih.gov/pubmed/24444713
https://doi.org/10.1093/aje/kwv160
http://www.ncbi.nlm.nih.gov/pubmed/26646292
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/10.1098/rspb.2014.0709
http://www.ncbi.nlm.nih.gov/pubmed/25009062
https://doi.org/10.1098/rspb.2014.0268
https://doi.org/10.1098/rspb.2014.0268
http://www.ncbi.nlm.nih.gov/pubmed/24789897
https://doi.org/10.1371/journal.pone.0133203
http://www.ncbi.nlm.nih.gov/pubmed/26176549
https://doi.org/10.1371/journal.pone.0118457
http://www.ncbi.nlm.nih.gov/pubmed/25734772
https://doi.org/10.1371/journal.pone.0209039

®PLOS | one

Social mixing in India

23.

24,

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42,

43.

Hens N, Goeyvaerts N, Aerts M, Shkedy Z, Van Damme P, Beutels P. Mining social mixing patterns for
infectious disease models based on a two-day population survey in Belgium. BMC Infect Dis. 2009; 9:5.
https://doi.org/10.1186/1471-2334-9-5 PMID: 19154612

Horby P, Pham QT, Hens N, Nguyen TT, Le QM, Dang DT, et al. Social contact patterns in Vietnam and
implications for the control of infectious diseases. PLoS One. 2011; 6(2):e16965. https://doi.org/10.
1371/journal.pone.0016965 PMID: 21347264

Edmunds WJ, O’Callaghan CJ, Nokes DJ. Who mixes with whom? A method to determine the contact
patterns of adults that may lead to the spread of airborne infections. Proc Biol Sci. 1997; 264
(1384):949-57. https://doi.org/10.1098/rspb.1997.0131 PMID: 9263464

United Nations Department of Economic and Social Affairs; Population Division. World Population Pros-
pects: The 2017 Revision, Key Findings and Advance Tables Working Paper No. ESA/P/WP/248 2017
[Available from: https://esa.un.org/unpd/wpp/Publications/Files/WPP2017_KeyFindings.pdf.]

HealthMap. H5N8 Avian Influenza in India 2016 [Available from: http://www.healthmap.org/site/
diseasedaily/article/h5n8-avian-influenza-india-113016.]

Fu Y-c. Contact Diaries. Field Methods. 2007; 19(2):194-217.

Read J, Edmunds W, Riley S, Lessler J, Cummings D. Close encounters of the infectious kind: methods
to measure social mixing behaviour. Epidemiology and infection. 2012; 140(12):2117. https://doi.org/
10.1017/50950268812000842 PMID: 22687447

Melegaro A, Jit M, Gay N, Zagheni E, Edmunds WJ. What types of contacts are important for the spread
of infections?: using contact survey data to explore European mixing patterns. Epidemics. 2011; 3(3—
4):143-51. https://doi.org/10.1016/j.epidem.2011.04.001 PMID: 22094337

DEBJANI RAM PURAKAYASTHA RA, Kathryn Lafond,Rakesh Kumar, Siddhartha Saha, Venkatesh
Narayan, Abhishek Wahi, Suresh Kapoor, Sanjay Kumar Rai, Sreenivas Vishnubhatla, Dey A B,
Seema Jain, Marc-Alain Widdowson, and Anand Krishnan., editor Burden of acute respiratory tract
infections among the elderly in a rural area of Haryana, India. Options !X for the control of Influenza;
2016; Chicago, IL.

Krishnan A, Amarchand R, Gupta V, Lafond KE, Suliankatchi RA, Saha S, et al. Epidemiology of acute
respiratory infections in children—preliminary results of a cohort in a rural north Indian community. BMC
Infect Dis. 2015; 15:462. https://doi.org/10.1186/s12879-015-1188-1 PMID: 26502931

Kruskal William H. & Wallis W. Allen (1952) Use of Ranks in One-Criterion Variance Analysis, Journal
of the American Statistical Association, 47:260, 583621, https://doi.org/10.1080/01621459.1952.
10483441

Dinno A. Nonparametric pairwise multiple comparisons in independent groups using Dunn’s test. Stata
Journal. 2015. PMID: 26973439

Office of the Registrar General & Census Commissioner |, Ministry of Home Affairs, Government of
India. C-14 FIVE YEAR AGE GROUP DATA BY RESIDENCE AND SEX 2011 [Available from: http://
www.censusindia.gov.in/2011census/C-series/C-14.html.

StataCorp. Stata/SE 14.2 for Mac. College Station, TX StataCorp LP.; 2016.

Danon L, Read JM, House TA, Vernon MC, Keeling MJ. Social encounter networks: characterizing
Great Britain. Proc Biol Sci. 2013; 280(1765):20131037. https://doi.org/10.1098/rspb.2013.1037 PMID:
23804621

Broor S, Krishnan A, Roy DS, Dhakad S, Kaushik S, Mir MA, et al. Dynamic patterns of circulating sea-
sonal and pandemic A(H1N1)pdmO9 influenza viruses from 2007—-2010 in and around Delhi, India.
PLoS One. 2012; 7(1):29129. https://doi.org/10.1371/journal.pone.0029129 PMID: 22235265

Bedford T, Riley S, Barr IG, Broor S, Chadha M, Cox NJ, et al. Global circulation patterns of seasonal
influenza viruses vary with antigenic drift. Nature. 2015; 523(7559):217-20. https://doi.org/10.1038/
nature14460 PMID: 26053121

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; 9(8):
e€104786. https://doi.org/10.1371/journal.pone.0104786 PMID: 25127257

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 Medicine. 2008; 5(3):e74. https://doi.org/10.
1371/journal.pmed.0050074 PMID: 18366252

DeStefano F, Haber M, Currivan D, Farris T, Burrus B, Stone-Wiggins B, et al. Factors associated with
social contacts in four communities during the 2007—-2008 influenza season. Epidemiol Infect. 2011;
139(8):1181-90. https://doi.org/10.1017/S095026881000230X PMID: 20943002

Dodd PJ, Looker C, Plumb ID, Bond V, Schaap A, Shanaube K, et al. Age- and Sex-Specific Social
Contact Patterns and Incidence of Mycobacterium tuberculosis Infection. American Journal of Epidemi-
ology. 2015; 183(2):156—66. https://doi.org/10.1093/aje/kwv160 PMID: 26646292

PLOS ONE | https://doi.org/10.1371/journal.pone.0209039 December 21, 2018 16/17


https://doi.org/10.1186/1471-2334-9-5
http://www.ncbi.nlm.nih.gov/pubmed/19154612
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/10.1098/rspb.1997.0131
http://www.ncbi.nlm.nih.gov/pubmed/9263464
https://esa.un.org/unpd/wpp/Publications/Files/WPP2017_KeyFindings.pdf
http://www.healthmap.org/site/diseasedaily/article/h5n8-avian-influenza-india-113016
http://www.healthmap.org/site/diseasedaily/article/h5n8-avian-influenza-india-113016
https://doi.org/10.1017/S0950268812000842
https://doi.org/10.1017/S0950268812000842
http://www.ncbi.nlm.nih.gov/pubmed/22687447
https://doi.org/10.1016/j.epidem.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22094337
https://doi.org/10.1186/s12879-015-1188-1
http://www.ncbi.nlm.nih.gov/pubmed/26502931
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.1080/01621459.1952.10483441
http://www.ncbi.nlm.nih.gov/pubmed/26973439
http://www.censusindia.gov.in/2011census/C-series/C-14.html
http://www.censusindia.gov.in/2011census/C-series/C-14.html
https://doi.org/10.1098/rspb.2013.1037
http://www.ncbi.nlm.nih.gov/pubmed/23804621
https://doi.org/10.1371/journal.pone.0029129
http://www.ncbi.nlm.nih.gov/pubmed/22235265
https://doi.org/10.1038/nature14460
https://doi.org/10.1038/nature14460
http://www.ncbi.nlm.nih.gov/pubmed/26053121
https://doi.org/10.1371/journal.pone.0104786
http://www.ncbi.nlm.nih.gov/pubmed/25127257
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/10.1017/S095026881000230X
http://www.ncbi.nlm.nih.gov/pubmed/20943002
https://doi.org/10.1093/aje/kwv160
http://www.ncbi.nlm.nih.gov/pubmed/26646292
https://doi.org/10.1371/journal.pone.0209039

®PLOS | one

Social mixing in India

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Mills ID. The 1918-1919 influenza pandemic—the Indian experience. Indian Econ Soc Hist Rev. 1986;
23(1):1-40. PMID: 11617178

Murray CJ, Lopez AD, Chin B, Feehan D, Hill KH. Estimation of potential global pandemic influenza
mortality on the basis of vital registry data from the 1918-20 pandemic: a quantitative analysis. Lancet.
2006; 368(9554):2211-8. https://doi.org/10.1016/S0140-6736(06)69895-4 PMID: 17189032

Morris SK, Bassani DG, Awasthi S, Kumar R, Shet A, Suraweera W, et al. Diarrhea, pneumonia, and
infectious disease mortality in children aged 5 to 14 years in India. PLoS One. 2011; 6(5):e20119.
https://doi.org/10.1371/journal.pone.0020119 PMID: 21629660

Chowdhry P. High Participation, Low Evaluation: Women and Work in Rural Haryana. Economic and
Political Weekly. 1993; 28(52):A135-A7+A40-A48.

Chowdhry P. Enforcing Cultural Codes: Gender and Violence in Northern India. Economic and Political
Weekly. 1997; 32(19):1019-28.

Mastrandrea R, Fournet J, Barrat A. Contact Patterns in a High School: A Comparison between Data
Collected Using Wearable Sensors, Contact Diaries and Friendship Surveys. PLoS ONE. 2015; 10.

Fu Y-c, Wang D-W, Chuang J-H. Representative Contact Diaries for Modeling the Spread of Infectious
Diseases in Taiwan. PLOS ONE. 2012; 7(10):e45113. https://doi.org/10.1371/journal.pone.0045113
PMID: 23056193

Birrell PJ, Ketsetzis G, Gay NJ, Cooper BS, Presanis AM, Harris RJ, et al. Bayesian modeling to
unmask and predict influenza A/H1N1pdm dynamics in London. Proc Natl Acad Sci U S A. 2011; 108
(45):18238-43. https://doi.org/10.1073/pnas.1103002108 PMID: 22042838

Kretzschmar M, Teunis PF, Pebody RG. Incidence and reproduction numbers of pertussis: estimates
from serological and social contact data in five European countries. PLoS Med. 2010; 7(6):e1000291.
https://doi.org/10.1371/journal.pmed.1000291 PMID: 20585374

Rohani P, Zhong X, King AA. Contact network structure explains the changing epidemiology of pertus-
sis. Science. 2010; 330(6006):982-5. https://doi.org/10.1126/science.1194134 PMID: 21071671

PLOS ONE | https://doi.org/10.1371/journal.pone.0209039 December 21, 2018 17/17


http://www.ncbi.nlm.nih.gov/pubmed/11617178
https://doi.org/10.1016/S0140-6736(06)69895-4
http://www.ncbi.nlm.nih.gov/pubmed/17189032
https://doi.org/10.1371/journal.pone.0020119
http://www.ncbi.nlm.nih.gov/pubmed/21629660
https://doi.org/10.1371/journal.pone.0045113
http://www.ncbi.nlm.nih.gov/pubmed/23056193
https://doi.org/10.1073/pnas.1103002108
http://www.ncbi.nlm.nih.gov/pubmed/22042838
https://doi.org/10.1371/journal.pmed.1000291
http://www.ncbi.nlm.nih.gov/pubmed/20585374
https://doi.org/10.1126/science.1194134
http://www.ncbi.nlm.nih.gov/pubmed/21071671
https://doi.org/10.1371/journal.pone.0209039

