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Infectious diseases account for nearly half of all child mortality worldwide,
with most of the burden concentrated in low and middle-income countries
(LMIC). Person-to-person interactions, or ‘contacts’, facilitate the spread of
respiratory and enteric pathogens. The number and nature of contacts likely
vary across countries along with social and cultural norms, but few studies
have compared behaviors across countries and none have done so with a focus
on children. Here we present data from a population-based study conducted
from 2021 to 2023 in Guatemala, India, Mozambique, and Pakistan. Across four
countries, 5085 participants reported a total of 84,829 contacts across two
days. Mean contact rates were highest among 10- to 19-year-olds except in
Pakistan, where contacts were highest among 5- to 9-year-olds. Non-home
locations which presented high risk for transmission were schools in India,
workplaces in Pakistan, and ‘other’ social / leisure locations in Mozambique
and Guatemala. Among children under 5 years of age, the proportion of con-
tacts with non-household members was highest in Mozambique and lowest in
India; most of these were reported at home. Contact patterns by age diverge
from prior projections that are extrapolated from contact data from high-
income countries, underscoring the value of local data collection.

Infectious diseases account for nearly a quarter of all mortality and half
of all child mortality worldwide'”. Half of deaths among children and
adolescents caused by infectious diseases are due to enteric and lower
respiratory infections’.

Person-to-person interactions, or ‘contacts’, facilitate the spread
of pathogens which are transmitted through the air and by direct
deposition onto surfaces. Patterns of contact are likely to vary across

countries along with social and cultural norms that influence the
composition and size of households, and the interactions that occur in
community settings such as schools, workplaces, and on public
transport. Within countries, variation in the structure and importance
of social institutions, employment opportunities, and population
density in rural compared to urban communities may lead to differ-
ences in individual behaviors which may influence the how quickly and
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to whom infections are likely to spread*’. Children under five years of
age play important roles in the transmission of many pathogens®® and
are more vulnerable to severe disease from enteric and respiratory
infections. Differences in caregiving practices and school attendance
for young children that vary by setting may lead to different patterns of
exposure during the vulnerable period of early childhood, shaping the
epidemiology of enteric and respiratory infections in this age group’.

Past efforts to collect data on person-to-person interactions
across countries have focused primarily on high-income countries. The
POLYMOD study collected data on contact patterns in eight European
countries in the early 2000s’; more recently, the CoMix study docu-
mented changing behaviors in Europe during the COVID-19
pandemic’®. In contrast, relatively little data has been available
directly from low- and middle-income countries (LMIC), which make
up 85% of the global population™ and in which 89% of mortality from
infectious disease among children occurs'. Social contact data col-
lected from young children is available from some high-income
countries but sparse in LMIC”**. Among the data available from LMIC,
key study design elements including the mode of data collection and
sampling strategy have varied™'¢, making comparisons across studies
difficult. A study conducted during the COVID-19 pandemic collected
data on social contacts in nineteen African countries, but recruited and
interviewed participants by phone, so its generalizability to the general
population and to non-pandemic time periods is unclear”.

The paucity of data from LMIC presents a challenge to disease
modeling efforts, since estimating community-level impact of an
intervention relies upon assumptions about the extent to which those
directly receiving the intervention may interact with and therefore
indirectly protect those who do not. Specifically, information on con-
tact rates disaggregated by age, sex, and location of contact can be
used to investigate the potential impact of targeted interventions,
such as vaccination of a specific age group, or implemented in specific
locations, such as social distancing or masking policies enacted in
schools or workplaces. Efforts to generalize the POLYMOD data to
other countries®" have been cited over 3000 times since they were
published, demonstrating the persistent use of these data in modeling
efforts despite known differences between contact patterns between
high-income and LMIC*. Models supported by robust data on human
behavior may facilitate more accurate predictions of the intensity and
length of an outbreak, a clearer understanding of entrenched patterns
of transmission of endemic infections, and more precise forecasts of
intervention effectiveness.

To fill these gaps, we conducted a study across eight sites in four
countries: Guatemala, India, Mozambique, and Pakistan. We compared
person-to-person interactions relevant for the spread of enteric and
respiratory infections within and across sites, with a special focus on
children under 5 years of age.

Results
Across four countries, 5085 participants (n=1141 in Guatemala,
n=1244 in India, n=1363 in Mozambique, and n=1337 in Pakistan)
reported a total of 84,829 contacts across both days (Table 1 and
Supplementary Table 1). Of those participants, 29% (n=1480) were
under five years of age. The daily number of contacts was lowest
(mean: 6.5 contacts, SD: 1.9) in Guatemala and highest (12.5 contacts,
SD: 6.2) in Pakistan. In Mozambique and Pakistan, more contacts were
reported in the rural than in the urban site (8.3 contacts compared to
5.4 contacts, p < 1le-5in Mozambique and 15 contacts compared to 10.2
contacts, p <le-5, in Pakistan). In India and Guatemala, mean daily
contacts were more similar in the urban and rural sites (p = 0.040 and
0.043, respectively). (Table 2) Comparisons of medians, rather than
means, gave qualitatively similar results (Supplementary Table 2).
Mean daily contact rates were highest among 10- to 19-year-olds
(7.0 contacts in Guatemala, 10.2 contacts in India, and 8.4 contacts in
Mozambique) except in Pakistan, where mean contacts were highest

among 5- to 9-year-olds (14.3 contacts). Qualitatively, patterns of
contact by age were similar across countries and sites. In every site,
assortative contacts, or contacts within the same age group, were
highest among 10- to 19-year-olds (Fig. 1, Supplementary Fig. 1).

Household members accounted for one-third to one-half (36-44%)
of contacts in all countries. In Pakistan, 86% of contacts were physical,
compared to 66-73% of contacts in India, Mozambique, and Guatemala.
Participants from the urban site in Pakistan reported an especially high
proportion of physical contacts (93%). Outdoor contacts made up
18-22% of contacts in India, Guatemala, and Pakistan, but nearly half of
all contacts (48%) in Mozambique (Supplementary Table 1).

In India, school contacts made up a larger proportion of children’s
contacts than in other countries, peaking at 64% among 10- to 14-year-
olds. Work contacts made up the highest proportion of contacts in
India (6%) and the lowest proportion in Guatemala (2%). Work contacts
were higher among older adults in India (10% among 60+-year-olds)
than in other countries. Contacts on transit were more common in
Guatemala (11% of all contacts) and India (11%) than in Mozambique
(2%) or Pakistan (6%) (Fig. 1). Overall, the location at which contacts
were reported were not substantially different by site within a country
(Supplementary Fig. 2). Contacts greatest in duration were reported at
home (mean of 2.5 h) and typically were shortest on transit (mean 1.2 h)
and in markets or when performing other essential activities (mean
52 min) (Supplementary Fig. 3). In all sites and age groups, exposure-
hours of contact were greatest at home (Supplementary Fig. 4).

Among children under 5 years of age, daily contact rates were
highest in Pakistan (daily mean of 9.2, 9.2 and 10.7 contacts for children
<6 months, 6-11 months, and 1-4-year-olds, respectively) and lowest in
Guatemala (mean of 6, 6.2, and 6.5 contacts, respectively). The pro-
portion of contacts with non-household members was highest in
Mozambique (69% among 6- to 11-month-olds) and lowest in India (45%
among 6- to 11-month-olds). To identify locations posing the highest
risk to young children, we calculated contact exposure-hours (sum-
ming the length of each contact) by location with non-household
members. Contact exposure-hours with non-household members were
highest in Mozambique and occurred primarily at home in all countries
except Guatemala, where the most contacts among <6-month-olds and
6- to 11-month-olds were reported in Other locations (Fig. 2).

When we compared contact rates estimated from our study to
those projected for each country using the POLYMOD data™®, we found
that projections tended to overestimate absolute contact rates, espe-
cially among children. However, we did not find substantial differences
in age-specific contact patterns overall. In all countries, our data
showed more contacts at home and fewer contacts at work than in the
projections (Fig. 3, Supplementary Fig. 5).

In a multivariable model including sex, household size, education
level, and occupation, age remained a strong predictor of total daily
contacts: school-age children and adolescents (5-9- or 10-19-year-
olds) had the highest number of contacts in most sites. (Supplemen-
tary Tables 3-6) In the same model, sex was weakly associated with
contact rates, except in Pakistan, where men reported a higher number
of contacts than women in the urban site (OR: 1.52, 95% ClI: 1.43-1.62)
and a lower number in the rural site (OR: 0.82, 95% CI: 0.77, 0.88). In
urban sites, participants that reported at least some college had more
contacts than participants with primary school education (ORs ranging
from 1.08 to 1.75). In a model with the same variables evaluating the
relationship between number of non-household contacts reported and
demographic characteristics, results were similar, but associations
with age were generally weaker and differences by sex in Pakistan were
more pronounced. In most sites, fewer non-household contacts were
reported as household size increased.

We used a transmission model to simulate the introduction and
spread of an infection under the age-structured contact patterns in
each site. Cumulative incidence of infection by age group varied by
country, with the highest overall incidence in rural Pakistan (96%) and
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Table 1| Characteristics of study participants by site

Guatemala India Mozambique Pakistan

Urban Rural Urban Rural Urban Rural Urban Rural
N 566 575 622 622 687 676 679 658

n (%, col) n (%, col) n (%, col) n (%, col) n (%, col) n (%, col) n (%, col) n (%, col)
Age
<6mo 52 9.2% 59 10.3% 55 8.8% 58 9.3% 66 9.6% 62 9.2% 69 10.2% 64 9.7%
6-11mo 58 10.2% 45 7.8% 55 8.8% 54 8.7% 64 9.3% 82 12.1% 68 10.0% 62 9.4%
1-4y 63  11.3% 55 9.6% 65 105% 61 9.8% 72 10.5% 63  9.3% 66 9.7% 62 9.4%
5-9y 52 9.2% 65 11.3% 63 10.1% 63 10.1% 58 8.4% 64 9.5% 63 9.3% 66 10.0%
10-19y 102 18.0% 100 17.4% 132 21.2% 127  20.4% 124 18.0% 125 18.5% 130 19.1% 128  19.5%
20-29y 61 10.8% 64 1.1% 63 10.1% 62 10.0% 61 8.9% 64 9.5% 66 9.7% 63 9.6%
30-39y 47 8.3% 62 10.8% 63 10.1% 63 10.1% 61 8.9% 64 9.5% 74 10.9% 63 9.6%
40-59y 64 11.3% 61 10.6% 64 10.3% 7 1.4% 120 17.5% 89 13.2% 67 9.9% 79 12.0%
60+y 67 11.8% 64 1% 62 10.0% 63 10.1% 61 8.9% 63  9.3% 70 10.3% 63  9.6%
Missing (0] 0% o] 0% (0] 0% 0 0% 0] 0% (o] 0% 6 0.9% 8 1.2%
Sex
Female 363 64.0% 372  64.7% 326 52.4% 317  51.0% 334 48.6% 332 49.% 334 49.2% 322 48.9%
Male 202 35.8% 203 35.3% 296 47.6% 305 49.0% 353 b51.4% 343 50.7% 343 50.5% 331 50.3%
Missing 1 0.2% 0 0.0% 0 0% 0 0% 0 0.0% 1 0.1% 2 0.3% 5 0.8%
Highest education completed®
Currently in school 128  32.6% 138 33.2% 163 36.5% 176  39.2% 195  40.2% 173  36.9% 83 17.4% 107 22.8%
No formal education 113 288% 133 32.0% 46 10.3% 42 9.4% 14 2.9% 65 13.9% 188 395% 260 55.3%
Primary 73 18.6% 90 21.6% 4 9.2% iyl 9.1% 152  31.3% 4 30.1% 50 10.5% 7 15.1%
Secondary 39 9.9% 28 6.7% 155  34.7% 137 30.5% 99 20.4% 64 13.6% 152  31.9% 29 6.2%
Some college or higher 19 4.8% 3 0.7% 33 7.4% 45 10.0% 4 0.8% 4 0.9% 2 0.4% 3 0.6%
Missing 21 5.3% 24 5.8% 9 2.0% 8 1.8% 21 4.3% 22 A4.7% 1 0.2% (0] 0.0%
Occupation®
Student 98  287% 92 262% M2 292% 121 31.3% 132 19.2% 15 28.4% 67 16.2% 48  1.9%
Semiprofessional/ 24 7.0% 4 1.1% 20 5.2% 12 3.1% 56 8.2% 27 6.7% 48 11.6% 6 1.5%
professional
Semiskilled/skilled 81 23.8% 53 15.1% 70 18.2% 85 22.0% 121 17.6% 95 23.5% 65 15.7% 157  38.9%
laborer
Other 1 0.3% 7 2.0% 34 8.9% 42 10.9% 14 2.0% 58 14.3% 29 7.0% 5 1.2%
Ugemhployed out- 137  40.2% 195 55.6% 148  38.5% 126 32.6% 104  15.1% Mmoo  27.2% 204  49.4% 188  46.5%
side home

Household size (categories)

0-2 148 263% 145 252% 82 132% 78 12.5% 56  8.2% 70 103% 27 4.0% 8 1.2%
3-5 356 62.8% 348 60.5% 393 63.1% 383 61.6% 273  39.7% 277 41.0% 386 56.8% 184  28.0%
6-10 58 10.2% 81 14.1% 142 22.8% 155 24.9% 261 38.0% 249 36.8% 259  38.1% 347 52.7%
11+ 3 0.5% 1 0.2% 5 0.8% 6 1.0% 32 4.7% 31 4.6% 7 1.0% 19 18.1%
Missing 1 0.2% (0] 0.0% (0] 0.0% (0] 0.0% 65 9.5% 49 7.2% (0] 0.0% (0] 0.0%
Median household 3(2 4) 3(2,5) 4(4,5) 5(4, 6) 5(4,7) 5(4,7) 5(4,6) 7 (5,10)

size (IQR)

Generations in household

1 126 22.2% 121 21.0% 75 12.1% 73 MnN.7% 158  23.0% 145  21.4% 18 2.7% 21 3.2%
2 405 71.4% 422 73.4% 363 58.4% 310  49.8% 308 44.8% 322 47.6% 610 89.8% 518 78.7%
3 35 6.2% 32 5.6% 184  29.6% 239 38.4% ANl 30.7% 208 30.8% 50 7.4% 18 17.9%
Missing (0] 0.2% 0 0.0% (0] 0.0% 0 0.0% 10 1.5% 1 0.1% 1 0.1% 1 0.2%
Multi-family household

No 503 88.7% 521 90.6% 523 84.1% 495 79.6% 515  75.0% 478  70.7% 660 97.2% 557 84.7%
Yes 63  1.1% 54  9.4% 99  15.9% 127 26.0% 162 23.6% 197 29.1% 18 2.7% 100 15.2%
Missing (0] 0.2% (0] 0.0% (0] 0.0% (0] 0.0% 10 1.5% 1 0.1% 1 0.1% 1 0.2%

2Among participants over 5 years of age; in Mozambique, missing category includes some 5- to 9-year-olds who have not yet entered school.
®Among participants 10 years of age and older.
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Table 2 | Mean daily contacts by participant characteristics by country and site

Guatemala India Mozambique Pakistan
Overall, mean (SD) 6.5(1.9) 7.9 (3.7) 6.8 (4.2) 12.5(6.2)
Urban Rural Urban Rural Urban Rural Urban Rural
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
6.4 (1.7) 6.6 (2.0) 8.1(2.9) 7.7 (3.2) 5.4 (3.0) 8.3 (4.7) 10.2 (5.4) 15.0 (6.0)
Age
<6mo 6(1.4) 6.1(1.4) 6.7 (1.7) 6.2 (1.8) 3(2.0) 6.3 (3.1) 7(2.) 1.6 (5.7)
6-11mo 6.3(1.2) 6 (0.9) 7.4 (2.0) 6.6 (2.0) 4.4 (2.4) 7.2 (3.5) 6.7 (2.2) 1.8 (5.2)
1-4y 6.5 (1.8) 6.7 (1.3) 8 (2.3) 8.3(3.0) 5.4 (3.7) 7.3(3.9) 6.6 (2.0) 15 (6.7)
5-9y 6.5(1.7) 7101.7) 9.8 (3.3) 10.1(3.6) 5.1(3.4) 8.4 (4.9) 95 (3.7) 18.8 (5.7)
10-19y 6.8 (1.5) 7.2(1.9) 9.7 (2.5) 10.7 (3.7) 7.2 (3.4) 9.6 (4.7) 10.8 (4.6) 16 (5.9)
20-29y 6.8 (2.1) 6.6 (2.6) 7.9(2.7) 7.8 (3.1) 5(2.0) 8.8 (4.7) 10.2 (5.6) 13.3 (4.9)
30-39y 6.1(1.6) 6.4 (1.8) 7.8 (2.9) 7.7 (2.8) 5.3(2.8) 7.8 (4.7) 13.2 (7.4) 15.2 (6.2)
40-59y 6.2 (1.7) 6.7 (1.9) 7.8(2.8) 6.9 (2.3) 4.7 (2.7) 8.4 (5.3) 9.8 (6.0) 14 (5.8)
60+y 5.3 (1.5) 5.8 (1.7) 6.7 (3.0) 5.9 (2.3) 4 (2.5) 5.7 (4.1) 10.6 (4.3) 14.8 (5.4)
Sex
Female 6.5 (1.7) 6.7 (2.1) 8.0 (3.1) 7.5 (3.3) 5.3(2.9) 8.2 (4.8) 6.9 (2.3) 16.2 (6.4)
Male 6.3(1.7) 6.6 (1.7) 8.3 (2.8) 7.8 (3.0) 5.5 (3.1) 8.4 (4.7) 13.3 (5.6) 13.7 (5.3)
Household size
0-2 5.5 (1.6) 5.6 (1.5) 6.2 (2.5) 5.9 (2.8) 41(2.5) 6.9 (3.9 8.5 (6.1) 12.2 (4.9)
3-5 6.4 (1.4) 6.5 (1.5) 8.0 (2.7) 7.5 (3.2) 5.1(2.7) 8.0 (4.8) 9.6 (5.7) 13.5 (6.0)
6-10 8.3(1.8) 8.7(2.4) 9.4 (2.9) 9.0 (2.7) 5.7 (3.) 9.0 (5.1) 1.1(4.6) 15.0 (5.9)
11+ 10.7 (5.2) =2 14.6 (2.8) 13.4 (0.6) 7.2 (3.5) 9.1(3.5) 13.6 (2.3) 17.4 (5.6)
Highest education level attained®
Currently enrolled in school 6.8 (1.7) 7.2 (2.0) 9.9(2.7) 10.7 (3.7) 6.1(3.3) 8.8 (4.7) 11.6 (4.5) 17.3 (5.8)
No formal education 6.2 (1.5) 6.5 (1.8) 7.0 (3.9) 6.4 (2.5) 4.3(2.9) 6.9 (3.8) 8.8 (4.4) 14.4 (6.1)
Primary school 6.3(1.6) 6.2 (1.6) 7.7 (2.4) 5.6 (2.0) 4.9 (2.6) 7.9 (4.9) 8.7 (5.0) 15.1 (4.9)
Secondary school 6.1(1.7) 6.2 (3.0) 7.8 (2.9) 7.5 (2.6) 5.1(2.5) 9.5 (5.0) 11.8 (6.3) 12.0 (4.9)
Some college/higher education 7.6 (3.0) 8.4 (3.5) 7.9 (2.7) 7.4 (2.4) 8.0 (4.1) 7.3 (4.0) 19.0 (14.5) 22.0 (5.8)
Occupation®
Student 6.7 (1.6) 7.2(1.9) 9.8 (2.7) 10.7 (3.8) 6.2 (3.3) 9.2(4.7) 10.7 (4.2) 17.7 (5.9)
Semiprofessional/professional 5.9 (1.6) 8.3(3.8) 8.6 (3.2) 8.7(3.1) 5.3 (2.3) 8.7(4.7) 16.4 (4.9) 14.4 (4.6)
Skilled/semiskilled 6.9 (2.2) 6.5 (1.8) 8.4(2.8) 7.6 (2.5) 4.6 (2.2) 8.5(5.4) 13.5 (6.8) 13.5 (5.1)
Unemployed outside home 6.0 (1.5) 6.4 (2.1) 7.1(2.8) 6.2 (2.3) 5.0 (3.1) 6.9 (4.4) 8.1(4.4) 15.5 (6.2)
Other -2 5.9 (2.3) 7.9 (2.9) 6.9 (2.5) 9.1(3.4) 9.0 (4.8) 8.4 (2.3) 12.2 (3.2)
Day of week
Weekday 6.5 (1.9) 6.8 (2.1) 8.3 (3.3) 7.8 (3.5) 6.0 (3.8) 8.6 (5.7) 10.1 (5.6) 14.7 (6.1)
Weekend 6.3(1.7) 6.3 (2.0) 7.6 (2.6) 7.53.2) 5.6 (3.4) 8.5(5.7) 10.5 (5.4) 15.7 (6.6)
*n=1.

PAmong participants over 5 years of age; ‘Missing’ category excluded.
°Among participants 10 years of age and older.

the lowest in urban Mozambique (41%). Cumulative incidence was
higher in the rural compared to the urban sites in Mozambique and
Pakistan, and more similar across sites in Guatemala and India.
Cumulative incidence was highest among adolescents (10- to 19-year-
olds) in Mozambique but highest among adults in all other sites (Fig. 4,
Supplementary Fig. 6). Cumulative incidence under projections from
Prem et al."® was higher than under GlobalMix contact patterns across
all sites and age groups except in rural Pakistan. Likewise, Prem et al.
contact patterns resulted in earlier epidemic peaks and more volatile
effective reproduction numbers, indicating more rapid spread and
resolution of the outbreak than under GlobalMix contact patterns.
(Supplementary Figs. 7, 8)

Discussion
We describe social behaviors relevant for transmission of enteric and
respiratory infections in four low- and middle-income countries across

three continents, with an emphasis on children under 5 years of age.
Mean daily contact rates were highest among school-aged children in
every country and tended to be higher in rural sites. Important non-
home locations for contact varied across countries. Among children
under 5 years of age, contacts with non-household members occurred
primarily at home and ‘other’ locations. Overall, we show that patterns
of social interaction are broadly similar across countries, but key dif-
ferences, including within-country rural-urban variation and the rela-
tive importance of non-home locations, could have implications for
transmission dynamics of enteric and respiratory infections and the
effectiveness of interventions aiming to limit their spread.

Daily contact rates reported in this study are within range of some
reported in the UK? and Zimbabwe?, but overall lower than previous
estimates. In a recent review and meta-analysis, the mean number of
contacts per day reported across studies conducted from 2005 to 2018
in 22 countries, was 14.5 contacts™. It is notable that our estimates are
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Fig. 1| Daily contact rates by participant age and site, contact age, and location
of contact. Patterns of contact by country and age group. Panel A shows the
number of contacts reported on day 1 by age group of participants in rural and
urban sites. The center line of the box shows the median, and edges of the box are
the 25™ percentile (Q1) and 75" percentile (Q3). The minima of the whisker extends
to QI-1.5 *IQR, and the maxima of the whisker extends to Q3 + 1.5*IQR. Dots indi-
cate outliers that exceeded minima or maxima of the whiskers. The number of
participants is n =1143 in Mozambique (Rural: n =576, Urban: n=>567), n=1244 in
India (Rural: n =622, Urban: n=622), n=1363 in Guatemala (Rural: n= 676, Urban:
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n=687), n=1323 in Pakistan (Rural: n = 650, Urban: n = 673). Panel B shows contact
rates by participant age and contact age. Contact rates are made symmetric to
adjust for differences in the size of age groups included and lack of reciprocity in
contact reporting. Colors in each cell reflect the mean number of contacts reported
between age groups, with higher numbers in dark blue and lower numbers in
yellow. (The color scale is country-specific to visually demonstrate patterns.) Panel
C shows the proportion of contact occurring in each location by age group. Con-
tacts for which the location was not reported are not shown.

low despite using prospective data collection and use of paper ques-
tionnaires, which have been shown to more fully ascertain contacts
than other survey methods®. The timing of our study may partially
account for fewer reported contacts, given the protracted impact of
the COVID-19 pandemic on social behavior. Mozambique and Guate-
mala were likely most affected given the overlap of pandemic mitiga-
tion measures with data collection periods in 2021. However, despite
official changes in pandemic mitigation policies that occurred during
these periods, we show that the number of contacts reported was
relatively stable through multiple months of data collection in each
site. (Supplementary Figs. 9-12) This is consistent with anecdotal
reports from field staff that while some policies to limit dense public
gatherings were still in place through 2021, these restrictions were no
longer meaningfully impacting daily interactions of most community
members. Lower rates of contact could also stem from our household-
based method of recruitment, which could have led us to recruit
individuals who were more likely to be unemployed or otherwise less
engaged in communal activities. Finally, it is also possible that contact
rates have truly declined in recent years, given the widespread use of
mobile smartphones and other technologies that have weakened
social connections and reduced the frequency of in-person
interactions.

Variations in the nature and number of contacts by country may
reflect social, cultural, economic and even climactic differences.
While the proportion of physical contacts reported in our study
overall was similar to that reported in other low- and middle-income
countries®, we report a particularly high proportion of physical
contacts in Pakistan. This likely reflects customs of greeting friends
and acquaintances that often involve touch, especially among men.

(Men in Pakistan also reported substantially more contacts than
women, which may reflect gendered religious and social norms that
govern common interaction.) In Mozambique, more interactions
were reported outdoors than in other countries. This may reflect the
influence of climate, which in southern Mozambique features mild
temperatures that fluctuate little through the year, and differences in
the built environment that encourage congregating outside. All of
these differences may influence the speed and patterns of spread of
infections and can be used to better understand behaviors to target
for intervention that may vary across settings.

In two of four countries, rural contact rates were substantially
higher than in urban areas, a counterintuitive result that may reflect
the relative closeness of community structure in rural areas despite
lower population density. Our findings are generally consistent with
other studies, some of which show higher contact rates in rural vs peri-
urban participants'®*, and others** which do not show differences.
Understanding variation in contact patterns in rural and urban settings
is particularly important when modeling the spread of new infections,
which are often initially introduced into well-connected urban centers
and diffuse more slowly to rural areas.

While we found similar rates of contact as reported previously for
infants and young children**?, our study provides additional detail on
changes of children’s contact patterns from birth to age 5, a critical
period of vulnerability to infectious disease. Across countries, the
majority of children’s contacts are reported at home. However, the
proportion of contacts occurring at home falls steadily from birth to
age 5 in Guatemala and India and remains more stable in Mozambique
and Pakistan. Patterns in biological susceptibility to infection change
during this period, as maternally derived immunity wanes and the
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Fig. 2 | Mean daily exposure-hours of contact with non-household members by
age group and location among children under 5 years of age. Mean daily
exposure-hours were calculated by summing the product of the duration of con-
tact and the number of contacts reported in each location. Contacts for which the
location was not reported are not shown. Error bars show 95% confidence intervals
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of the mean. The number of participants in each age group in each country is as
follows; n=111, 103, 118 in Guatemala, n =113, 109, 126 in India, n =128, 146, 135 in
Mozambique, n =133, 130, 128 in Pakistan for <6mo, 6-11mo, and 1-4 y groups,
respectively.

innate immune system matures®®. Our data demonstrate the social
changes that occur in parallel and shape exposure to pathogens in
early childhood, and thereby risk of infection and illness in this age
group”®. Importantly, our study also differentiates contacts that occur
at home and those that occur with household members. For children
under 5 years of age, the two most important locations of exposure to
non-household contacts were in their own homes and in Other loca-
tions. These patterns likely reflect sociocultural differences in car-
egiving practices for young children across countries, which can shape
transmission patterns among children or between children and
caregivers.

Similar to previous surveys'®, we find the highest rates of contact
among school-aged children and the highest rates of assortative mix-
ing among adolescents (10-19-year-olds). The relative importance of
contacts in schools across settings can inform context-specific pre-
dictions of the effectiveness of school closings and other policies that
may limit school attendance to prevent spread of infection, especially
given the great social costs of such interventions on children and
communities.

While POLYMOD-based projections show broadly similar pat-
terns of contact by age across the four countries; our estimates show
differences in age patterns by country. POLYMOD-based projections
tend to overestimate contacts at work and underestimate contacts at
home, consistent with previous literature that has shown that people
in LMIC have more contacts at home and fewer contacts at work than
in high-income countries?®>. When we used our empirical data to
model the spread of an emerging pathogen in each site, we
found that cumulative incidence varied substantially, with sites
reporting lower contact rates displaying lower incidence. In Pakistan,
qualitative differences in contact patterns by age led to higher inci-
dence among young children in the rural site as compared to the
urban site. Compared to the epidemic simulated using POLYMOD-
based projections of contact patterns, we saw qualitatively different
patterns by age in cumulative incidence of infection, with sub-
stantially more variation by age in simulations using the GlobalMix
data and a generally slower progression of the epidemic. Though this
modeling exercise was based on simple assumptions which would
need to be adjusted to better capture the more complex natural
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history of most enteric and respiratory pathogens, it illustrates
that using context-specific data can lead to different inferences
about how pathogens will spread and affect demographic sub-
populations.

There were some limitations to this study. Information on chil-
dren’s contacts were recorded using ‘shadows’, or individuals who
recorded contacts on behalf of the participant. This may have led to
inaccuracies since we do not know how completely shadows
observed children’s contacts. Second, we defined contact as an
interaction involving three or more words with another person at
distance of an arm’s length. More transient interactions, which
include being near a person in a crowded public place without
speaking to them, are not captured by this definition. However,
closer contacts are likely more important for transmission and
allowed for comparison with previous work®. Third, these data
should not be considered representative of each country. They can
be considered representative of each site, since we adjusted overall
contact rates for age and sex population distributions at each site.
We recruited at multiple sites per country to capture at least some
variation in contact patterns associated with varying population
density within each country. Finally, we recruited participants over a
limited time frame at each site, so could not capture seasonal var-
iations in contact patterns that may be important for transmission
(i.e., holidays, school start and end). One previous study in India has
documented a higher number of contacts in the winter season rela-
tive to the monsoon or summer seasons; however, these differences
were slight®,

This study represents the first effort to collect and compare
social contact data using standardized tools across multiple LMIC,

with a special focus on contact patterns among children under 5
years of age. These data can inform future modeling efforts aiming
to accurately capture behavioral patterns that drive the speed and
patterns of spread of infections in different contexts, and to esti-
mate the impact of interventions targeting a broad range of
pathogens.

Methods

Data collection procedures

The GlobalMix study aimed to characterize social contact patterns
across eight sites - one rural and one urban per country - in four
countries. We chose countries spanning three continents, three
World Bank income level classifications, and a range of social, cul-
tural, and economic features. (Supplementary Table 7) The study
design is described in detail elsewhere and involved a qualitative data
collection phase, which included focus group discussions and cog-
nitive interviews to adapt the data collection instruments and study
procedures to each site””. Households, defined as a group of people
who shared space for cooking, were enumerated and sampling was
guided by existing demographic surveillance systems (India,
Mozambique, Pakistan) and satellite imaging of households (Guate-
mala). In India, Mozambique and Pakistan, we used demographic
surveillance data to generate age-stratified lists of community
members and randomly select individuals within each age group for
participation using a random number generator. Selected individuals
were approached by field staff in the order they were selected until
age-specific quotas were reached. In Guatemala, where demographic
surveillance system data were not available, households within
communities were randomly numbered and visited sequentially.
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Field staff randomly selected one member from each household and
offered participation in the study until age-specific quotas were
reached. Informed consent was obtained from adults over 18 years
old and from parents/guardians for minors under 18 years old. Par-
ticipants completed an enrollment questionnaire which included
information on their age, gender, school enrollment/occupation, and
characteristics of their household.

Field workers trained participants to complete a paper-based
contact diary. Participants were randomly assigned a day of the
week to begin two consecutive days of reporting contacts. Field
workers returned to the household after this period and entered the
contacts recorded by the participant into an electronic survey
platform. Participants reported characteristics of the person with
whom they had contact, such as their age, gender, and relationship
to the participant, as well as the location (home, store/market,
school, work, place of worship, and other country-specific options),
duration (<5min, 5-15min, 16-30 min, 31 min-1h, 1-4 h, and 4+
hours), environment (indoors/outdoors), and proximity (physical/
non-physical) of the contact. For adults or children unable to com-
plete the diary themselves, study staff assisted in selecting another
person (a ‘shadow’) to record the participant’s contacts. Both par-
ticipants and shadows received training in how to record contacts
and field staff periodically checked in with participants over the two-
day contact reporting period to ensure complete and accurate
reporting by shadows.

We defined contact as a two-way conversation with three or more
words exchanged at a physical distance of an arm’s length or less from
another person. A subset of contacts were classified as physical, which
we defined as a contact that involved directly touching someone’s skin
or the clothes they were wearing.

Statistical analysis

We applied post-stratification weights representative of the popula-
tion age distribution at each site. Using these weights, we calculated
the mean, standard deviation, median, and interquartile range of
daily contacts, averaged across two days of reporting, for each site
and country overall. We generated symmetric age-stratified contact
matrices by age. Symmetric contact matrices adjust for differences in
the size of age groups included in the sample and lack of reciprocity
in contact reporting (i.e., 10-14-year-olds reported more contacts
with 60+ year-olds than 60+ year-olds reported with 10-14-year-
olds). We calculated contact exposure-hours by summing the length
of each contact, using the midpoint of each duration category (e.g.,
2.5min for <5min), and using 4 h for contacts reported as longer
than 4 h.

We defined physical contacts that lasted longer than one hour as
high risk for transmission of most infections. For infections that
transmit via deposition onto surfaces (hands, faces, fomites), physical
contact is more likely to lead to transmission; for infections that
transmit through the air, exposures longer than one hour are usually
deemed sufficient for spread® .

To assess the robustness of relationships between demographic
characteristics with contact rates, we evaluated associations between
participant characteristics and (1) overall contacts and (2) non-
household contacts using negative binomial multivariable regression
models. We report site-specific adjusted odds ratios and 95% con-
fidence intervals for each model.

Transmission modeling

To explore the impact of incorporating context-specific, empirical
data on contact patterns on transmission dynamics, we built a simple
compartmental model representing the transmission of an acute
respiratory or enteric infection. We simulated an epidemic of an
infection to which everyone is initially susceptible, with a mean

duration of 14 days and which confers lifelong immunity. (Supple-
mentary Table 8) We created a synthetic population representative
of the age distribution in each site and separately modeled the
spread of the infection in rural and urban areas based on
(1) the GlobalMix contact patterns and (2) projected contact
patterns for each country using POLYMOD data from Prem et al.'.
We calculated and compared age-specific cumulative incidence,
epidemic peak timing, and the effective reproduction number
under different contact patterns. We simulated from the compart-
mental model using the ‘EpiModel’ R package version 2.4.0.
and effective reproduction numbers were estimated using the para-
metric serial interval method, assuming a mean serial interval of 2.6
and standard deviation of 1.5, in the ‘EpiEstim’ R package
version 2.2.4.
All data analysis was conducted in R version 4.1.2.

Ethical approval

This study was approved by Emory University Institutional Review
Board (approval number 00105630), Yale University Institutional
Review Board (reliance agreement approval number 2000026911),
and review boards at Christian Medical College Vellore (Approval
#12065), Universidad del Valle de Guatemala (Protocol #223-12-
2020) and the National Ministry for Publicparticipants 10 years of age
Health and Social Assistance in Guatemala (Protocol #31-2020),
Manhica Health Research Institute Internal Scientific Committee
(CCl1/03/2020) and Internal Ethical Review Board (initial approval
CIBS-CISM/011/2020), and The Aga Khan University (Approval
#2022-7912-23648).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The questionnaires and data for this analysis are available at https://
github.com/lopmanlab/GlobalMix and can also be found on Zenodo.
(https://doi.org/10.5281/zenodo.16754436)*.

Code availability

The code to reproduce this analysis is available at https://github.com/
lopmanlab/GlobalMix and can also be found on Zenodo. (https://doi.
org/10.5281/zenodo0.16754436)*.
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