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Abstract

Social stress and inflammatory processes are strong regulators of one another. Consider-

able evidence shows that social threats trigger inflammatory responses that increase

infection susceptibility in both humans and animals, while infectious disease triggers inflam-

mation that in turn regulates social behaviours. However, no previous study has examined

whether young children’s popularity and their rate of infectious disease are associated. We

investigated the longitudinal bidirectional links between children’s popularity status as per-

ceived by peers, and parent reports of a variety of infectious diseases that are common in

early childhood (i.e. common cold as well as eye, ear, throat, lung and gastric infections).

We used data from the ‘Matter of the First Friendship Study’ (MOFF), a longitudinal prospec-

tive multi-informant study, following 579 Norwegian pre-schoolers (292 girls, median age at

baseline = six years) with annual assessments over a period of three years. Social network

analysis was used to estimate each child’s level of popularity. Cross-lagged autoregressive

analyses revealed negative dose–response relations between children’s popularity scores

and subsequent infection (b = –0.18, CI = –0.29, –0.06, and b = –0.13, CI = –0.23, –0.03).

In conclusion, the results suggest that children who are unpopular in early childhood are at

increased risk of contracting infection the following year.

Introduction

Research suggests that there is a strong social gradient in the risk of contracting infections [1].

Children from families with low socio-economic status are at higher risk of contracting infec-

tions from several pathogens, and experience a greater overall burden of infection [2,3]. This

phenomenon may in part be explained by differences in parental health behaviours [4], access

to healthcare [5] or environmental stress and hazards [6]. However, animal studies and those

in adult human populations provide evidence for bidirectional influences between social status

and the immune system [7]. This result suggests a co-regulation between social behaviour,

inflammatory processes and infection that is deeply rooted in our evolutionary history [8,9].
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For example, experimental animal studies demonstrate that a decrease in social rank is fol-

lowed by subsequent changes in gene expression and immune system activity, that in turn

increase infection susceptibility in macaques [9]. Similar results have been found in studies of

humans. For example, exposure to social threats and rejection in early childhood have been

linked with chronically elevated inflammation [10]. In human adults and in animals, chronic

inflammation increases the risk of attracting a cold [11,12]. One might speculate if early social

experiences may influence the long-term health of children via parallel biological mechanisms,

such that social stress in early childhood increases the risk of attracting infections. To our

knowledge, no studies to date have examined whether social status as perceived by peers is

associated with young children´s risk of attracting an infectious disease.

The preschool years are a time when children’s immune systems develop defence strategies

against their local disease ecology [13]. During this period, most children encounter their first

experiences of social inclusion and rejection, possibly setting the stage for the first social influ-

ences on infection susceptibility. Typically, young children make their first friends, and form

social hierarchies already from preschool age [14–17]. In these social hierarchies, popular chil-

dren typically engage in more prosocial behaviours such as helping, sharing and comforting

other children. However, children who are perceived as being popular by their peers also

engage in more physical, verbal and relational aggression [18]. Preschool and the transition to

school can be harsh and stressful for young children. Social exclusion is extremely common

[19], and both verbal and physical aggression occur frequently, especially at times when social

dominance relationships are negotiated [20]. Day-care attendance and the transitioning to

school is associated with increased cortisol excretion [21–23], and particularly those children

who are perceived as unpopular by their peers exhibit higher cortisol levels and experience

more aggressive interactions and peer rejection [24]. In the long term, the stress following fre-

quent subjection to physical, verbal or relational aggression may alter immune functioning,

and can ultimately lead to a variety of mental and somatic health problems in both animals

and humans [25–27].

Experimental studies provide evidence that subordination to higher-ranking individuals

affects immune functioning and increases susceptibility to infection in animals [9]. The pri-

mate brain tends to appraise social devaluation, exclusion and rejection as threat information

[3]. Such social stressors may cause an up-regulation of inflammatory processes, as the

immune system prepares to deal with potential consequences of either fight or flight, such as

tissue damage. Exposure to an episode of acute social stress causes an immediate and signifi-

cant up-regulation of the inflammatory response, that is worth the physiological cost because

it increases the likelihood of survival [28]. This is related to the release of epinephrine from the

adrenal medulla, which in turn seem to activate the immune system to release cytokines into

the bloodstream [29]. However, increased epinephrine levels also cause the hypothalamus to

activate the hypothalamic-pituitary-adrenal axis (HPA-axis), one end result being increased

release of cortisol from the adrenal cortex. One effect of cortisol is the down-regulation of the

acute high levels of cytokines, which is important since cytokines have a cytotoxic effect (e.g.

they may kill or damage nerve cells).

However, when stressors (e.g. physical aggression) occur frequently, several negative conse-

quences may occur. The chronically increased levels of cytokines cause long-term activation

of the inflammatory response, which represents a state of allostasis and “wear and tear” of the

body. Also, immune cells become less sensitive to cortisol, meaning that high levels of cortisol

are no longer able to down-regulate the activity of the immune system. That is, immune sys-

tem cells develop glucocorticoid resistance and continue to produce and release cytokines into

the bloodstream [12]. Experimental studies show that mice develop glucocorticoid resistance

when they are repeatedly exposed to social stress [30], which in turn is accompanied by less
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social approach behaviour and higher levels of subordination to aggressive individuals [31].

Humans may also develop glucocorticoid resistance. One study found that healthy adults dem-

onstrated glucocorticoid resistance following a stressful life event, and that those who devel-

oped glucocorticoid resistance had higher levels of proinflammatory cytokines, and were at

greater risk of catching a cold [12]. Hence cortisol is no longer able to turn the immune system

either on or off, but the immune response is instead chronically activated on a heightened

but not maximum level (tonic rather than phasic function) [32]. This level is high enough to

represent a physiological toll on the cells, but not adequate to fight real threats when they are

experienced (e.g. bacteria and viruses). This is why chronic exposure to social stressors may

represent an increased risk of attracting infectious diseases.

Conversely, an infectious disease may also influence children’s social behaviour. Histori-

cally, infectious disease puts humans and other animals in a very vulnerable situation, where it

is important to stay away from harmful individuals, but also to elicit care and support from

close others [7]. This notion is supported by findings that adults who are experimentally

exposed to endotoxins that trigger inflammation show higher levels of social pain-related neu-

ral activity [33] and report increased feelings of social disconnection compared with control

participants [34]. Other experimental studies suggest that inflammation may lead to a general

sensitivity to both positive and negative social cues [35], and that inflammation increases the

perceived need to be with significant others [36]. Currently, no studies have investigated

whether infection in childhood is linked with children’s social development; however, a large

population-based study has identified associations between a wide range of infectious diseases

in childhood and a subsequent increase in the risk of being diagnosed for a mental disorder

[37].

This response to infection may be linked with the activity of pro-inflammatory cytokines

that activate anhedonia, fatigue, dysphoria and changes in social approach behaviours, also

termed sickness behaviours [38,39]. For example, injections that stimulate the release of cyto-

kines have a negative effect on social exploration in mice [40], and when the cytokines inter-

feron-a and interleukin-2 is administered to humans (usually as treatment for cancer or

hepatitis C) they cause fatigue, sleepiness, irritability, cognitive changes and loss of appetite

[41]. Analogous mechanisms may operate in young children. For example, it may be that sick-

ness behaviours affect children’s social functioning in two reinforcing ways. First, feelings of

social disconnection, fatigue and dysphoria may lead to avoidance of other children, particu-

larly peers who are not perceived as close friends. Second, some authors have proposed that

sickness behaviours may serve as a signal that warns other children of contamination risk, pos-

sibly leading classmates to avoid individuals with infectious diseases [42,43]. However, very

few empirical studies have investigated whether children actually avoid sick peers. The only

empirical evidence to our knowledge is an experimental study finding that 6 and 7 year old

children, but not 4 and 5 year olds, avoided proximity to and contact with peers who they were

told were sick [43]. It is possible that this dynamic arise because of the evolved ‘behavioural

immune system’ that is biased towards the avoidance of pathogens, and hence elicits a strong

withdrawal response from possible contamination sources [44–46], to prevent pathogens from

entering the body [47,48]. This avoidance, in turn, can contradict children’s evolved propensi-

ties for rough-and-tumble-play, social approach and connection [49]. Therefore, there may be

a complex evolutionary trade-off between selection for social approach behaviours and for the

avoidance of pathogens. Because pathogens such as bacteria, viruses and parasites have shaped

the evolution of all organisms, it has been argued that the large individual cost of infection has

pushed for a bias towards pathogen avoidance in humans [46,50].

The main goal of this study is to examine the bidirectional longitudinal links between popu-

larity (as an indicator of social status) and the risk of contracting common infectious diseases.
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On the one hand, infections in early childhood may be associated with social withdrawal and

rejection, that in turn may affect children’s social status development. On the other hand, and

in parallel with mechanisms observed in the animal and immunological literature, low social

status may increase infection risk via immunological and endocrine pathways. There may also

be a bidirectional dynamic between infection and social status, in which self-reinforcing cycles

between health and social status may cause upwards and downward ‘spirals’. Thus, in a similar

vein with findings from animal studies and the few studies on adult populations, we expect to

find negative bidirectional associations between popularity as perceived by peers and infec-

tious diseases that are common in early childhood.

Methods

Ethics statement

The data collection has received full ethics clearance from the Regional Committees for Medi-

cal and Health Research Ethics of Norway (2.2005.1665). The parents of the children who par-

ticipated in this study provided an informed written consent.

Participants

The 579 participating children in this multi-informant study were part of the Matter of the

First Friendship Study [51,52], a longitudinal study that took place in two suburban Norwe-

gian municipalities with a total population of 24 000. The sampling frame was representative

of Norway and comprised children born between 2000 and 2005 that attended one of the 33

day-care centres and 13 primary schools in the two municipalities. A total of 996 children were

eligible to participate because they attended one of the day-care centres, while 619 children

(62%) were given informed written consent by their parents to participate in the study. As

illustrated in Fig 1, a total of 579 participants were registered with at least one response and

included in the social network analyses, while 447 participants (243 girls) were registered with

complete data on at least one time point and were included in the autoregressive cross-lagged

analysis. At the time of the first data collection, the children’s age ranged between 24 and 90

months (mean age = 64.14 months, SD = 15.96).

Parents responded to mailed questionnaires regarding their children’s health. To assess the

structures of their social networks and each child’s level of popularity within his or her net-

work, the children were interviewed in their day-care centre or school. In this sample, the

maternal education level was higher than the national average, with 45% of mothers having

some form of tertiary education. The mean age of the mothers was 35 years (SD 4.7), and

93% were married or cohabitated with a partner. The median income was slightly above the

national average for households with children, and slightly higher than the regional average

for the municipalities where the families lived.

Children’s infections

Parents replied to mailed questionnaires, where they provided information about their child’s

health. Parents were asked, ‘Has your child experienced one of the six following health prob-

lems? If yes, how many times over the previous year?’ (1) eye infection, (2) ear infection (e.g.

otitis media), (3) throat infection, (4) lung infection, (5) gastrointestinal tract infection and (6)

common colds. To establish a baseline, parents were asked to complete the same list of ques-

tions, but retrospectively for the time that their child had just enrolled in day care. A composite

score for the mean number of infections for three developmental periods was computed: (1)
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Baseline, based on parent’s retrospective accounts of their children’s infections at the time they

enrolled in preschool, (2) Time 2, based on data collected when children were between 4 and 8

years, and (3) Time 3, based on data collected when the children were 5–9 years. The frequency

of infection was coded as 0, 1, 2, 3 or ‘4 or more’, and the items correspond to those used in

previous studies of infections in preschool [53–55]. At each assessment, parents were asked

whether the child had any serious or long-term illnesses. The presence of a serious or long-

term illness was coded 1 for “yes” and 0 for “no”.

Fig 1. Sample recruitment and follow-up.

https://doi.org/10.1371/journal.pone.0222222.g001
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Children’s popularity

Popularity was assessed using a well-known and validated peer-nomination technique [56].

Trained research assistants interviewed the children in their preschool or school, in a separate

and quiet room. For children aged two through six years (still in preschool), we used photo-

graphs of the children in their group and a cardboard bus for illustration, as the children were

given the following instructions: ‘We will now pretend-play that we are going for a trip in a

bus. You can sit behind the bus driver. Who do you want to bring on the bus trip?’ The chil-

dren were asked to place their own picture behind the driver, and then to nominate up to five

classmates to bring on the bus. The children indicated who they wanted to bring along by plac-

ing the nominated children’s pictures on the cardboard bus. After transitioning to elementary

school, children (age seven through nine years) were asked to nominate whom they would

like to bring on a bus trip by saying their names. They were not restricted to nominating their

classmates, and some children had friends in other classes or from their old day-care group.

We operationalized popularity as the total number of nominations received [57], standardized

by the number of total possible nominations (i.e. the size of their social network). Fig 2 illus-

trates the distribution of popularity scores across social networks.

Analytical strategy

All statistical models were fitted using the software package Mplus [58]. To examine the bidi-

rectional links between popularity and infectious diseases, we used autoregressive cross-lagged

analysis. This approach is in accordance with previous studies that used such analysis with

popularity network data [59]. The frequency of infectious diseases and popularity at Time 3

were regressed on assessments of the same variables at Time 2, while Time 2 measures were

regressed on Time 1 measures. We allowed for residuals of infection and popularity at the

same time points to be correlated. To correct for a skewed distribution of infection scores, we

Number of popularity nominations

>= 4 (High)
3
2
1
0 (Low)

Fig 2. Social networks at Time 1 (N = 447). Note. Nodes represent children. Colors indicate popularity score which is the

number of receiving popularity nominations. For parsimony, edges indicate an undirected social tie between two children. Only

children with complete data are represented.

https://doi.org/10.1371/journal.pone.0222222.g002
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employed a robust maximum likelihood estimator. There were no missing data in the popular-

ity scores. Missing data in the infection variables (16.77%) were handled using a full informa-

tion maximum likelihood procedure.

Popularity scores were standardized by social network size (i.e. the number of possible

nominations), before they were entered into the autoregressive cross-lagged model. We used

community detection [60] to identify the sizes of the social networks. Social network analyses

were carried out in R studio using the igraph package [61].

Results

The distributional properties and descriptive statistics of the study variables are presented in

Table 1. There was a decrease in infection scores between Times 1 and 3 (40.30%). For popu-

larity scores, there was a small increase (6.59%) between Times 1 and 3. Popularity scores

were evenly distributed across 0, 1, 2, 3 and 4 or more nominations. On average, 17.60%

of the children received zero popularity nominations, 23.53% received one nomination,

22.00% received two nominations, 15.50% received three nominations and 16.80% of the

children received four popularity nominations or more (see Fig 2). Children´s age was nega-

tively correlated with infection at T2 (b = -0.19, p < 0.00), and positively correlated with

popularity at T1 (b = 0.21, p < 0.001) and T2 (b = 0.10, p = 0.03). Independent samples t-

tests revealed no significant differences between girls and boys in popularity scores. How-

ever, boys showed higher scores on infection at T2 (boys M = 0.57, girls M = 0.49, F = 6.55,

p = 0.02), and at T3 (boys M = 0.37, girls M = 0.43, F = 2.00, p = 0.40). Boys also showed

higher scores on infection at T1 (boys M = 0.72, girl M = 0.62) but this difference was not

significant (p = 0.06).

Table 1 shows the bivariate correlation coefficients between all variables. On the bivariate

level, there were small to moderate positive correlations between infection at Times 1 and 2,

and between infection at Times 2 and 3. All time points of popularity were moderately and

positively correlated with each other. There was a small negative association between popular-

ity at Time 1 and infection at Time 2, and between popularity at Time 2 and infection at Time

3. The prospective correlations between popularity and infections at the following year, are

illustrated with line plots in Fig 3. The line plots in Fig 3 reveal a dose–response relation

between popularity and infections. The infection scores of children who received zero

Table 1. Pearson´s bivariate correlations and descriptive statistics.

1 2 3 4 5 6

1. Infections T1

2. Infections T2 0.29���

3. Infections T3 0.03 0.23���

4. Popularity T1 -0.06 -0.18��� -0.06

5. Popularity T2 -0.03 -0.08 -0.15�� 0.34���

6. Popularity T3 0.07 -0.04 -0.07 0.27��� 0.27���

N 386 404 330 579 579 579

Mean 0.67 0.53 0.40 1.67 1.75 1.78

SD 0.54 0.34 0.29 1.39 1.91 1.37

Min–Max 0–4 0–2.5 0–2 0–4 0–4 0–4

�p < 0.05,

��p < 0.01,

���p < 0.001

https://doi.org/10.1371/journal.pone.0222222.t001
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popularity nominations (M = 0.57), were on average across time points 28.33% higher than for

those children who received four or more popularity nominations (M = 0.39).

Autoregressive cross-lagged analysis. The results from the autoregressive cross-lagged model

examining bidirectional relations between popularity and infections are shown in Fig 4. The

model fit was excellent (χ2 = 5.60, df = 14, P = 0.23, CFI = 0.98, RMSEA = 0.033, Standardized

Root Mean Square Residual = 0.023). At both Times 1 and 2, high popularity scores predicted

lower levels of infections with respect to the following measurement. One standard deviation

increase in popularity was associated with a 0.13 (Time 2) and 0.18 (Time 3) standard devia-

tion decrease in infection. There were no residual associations between infections and popu-

larity within the same time points, nor any significant cross-lagged effects of infections on

popularity on the subsequent measurement wave. Additional analyses showed that controlling

for children´s age and gender, or whether the children had a serious or long-term illness, did

not impact the estimates of the model (changes in the standardized coefficients ranged from

b = 0.01 to 0.03). At Time 1, parents of 23 children (2%) reported that their child had a serious

or long-term illness.
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Fig 3. Dose-response relations between popularity and infections at Time + 1. Note. Error bars in the plot indicate a 95% confidence interval.

https://doi.org/10.1371/journal.pone.0222222.g003

Fig 4. Autoregressive and cross-lagged relations between children´s popularity and infectious diseases. Note. For simplicity,

only significant standardized regression coefficients are shown, with confidence intervals in brackets. Significant paths are

highlighted with solid arrows.

https://doi.org/10.1371/journal.pone.0222222.g004
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Discussion

The main aim of this study was to examine bidirectional associations between children’s

popularity as perceived by their peers, and the frequency of a variety of common infections as

reported by their parents. Results from autoregressive cross-lagged analyses suggest that high

popularity scores were associated with low levels of infection in the following assessment. Sur-

prisingly, we found no concurrent links between popularity and infection within the same

time points, nor any prospective effects of infections on popularity scores. There were dose–

response associations between popularity and subsequent infection, a result which is consistent

with previous studies demonstrating a graded link between social status and a wide range of

health outcomes, including infection [1,6,62].

Our finding that children’s popularity is associated with subsequent infection risk is in

accordance with extensive evidence from animal studies showing that reductions in social sta-

tus changes inflammatory processes and increases infection susceptibility in animals [3]. Previ-

ous studies found that social stress in childhood is related to subsequent inflammatory changes

[10], and we add to this knowledge by demonstrating links between popularity and rates of

contracted infectious diseases.

Moreover, we found links between popularity and infectious diseases the following year,

but not the concurrent year. These long-term links may reflect a delayed response of infection

susceptibility to social stress, similar to those observed in animal models [63]. However,

another explanation might be that the results are influenced by developmental timing effects.

Some researchers have suggested that infections and social experiences have more implications

for later development if they occur early in life [13]. It is possible that the interwoven processes

between social and immunological development are in place very early on in life, and that

there are different developmental windows with somewhat unique challenges to both health

and social systems. As such, the strength and relative directionality of their interrelations may

vary as well over time. This would be an important point to examine in future studies.

Our finding that popularity as perceived by peers is associated with infectious diseases in

childhood suggests that early social dynamics may precipitate long-term differences in health.

Because our study was observational and did not involve measures of cortisol or immune func-

tioning, we can only speculate on the causal mechanisms that underlie our findings; however,

we outline some possible mechanisms here.

From an evolutionary perspective, children who are excluded from their group have his-

torically been under major risk of being attacked and wounded by predators. To anticipate

tissue injury, the immune system therefore reacts to social exclusion by up-regulating pro-

inflammatory gene expression, and as a consequence down-regulating anti-viral responses.

This process is a highly conserved transcriptional response to social adversity in non-human

primates [64] and adult humans [65]. This conserved transcriptional response to social

adversity may have become maladaptive in modern educational settings because prolonged

pro-inflammatory responses to social exclusion may, in the long run, promote health prob-

lems [42,66].

For some children, educational settings set the stage for experiences of social stress, bully-

ing, subordination and rejection [67]. At the same time, children in preschool and school are

confined to crowded settings where they are exposed to commutable pathogens and are at

increased risk of contracting infections [53]. The risk of being attacked and wounded by pred-

ators or a fellow human is low compared with the historical contexts where humans evolved. A

conserved transcriptional response to social adversity may be maladaptive in modern society,

and only contribute to exacerbating negative effects of low social status (such as lack of social

support), by also increasing the risk of contracting an infection. This supposition, however,
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remains speculative, and needs to be investigated with both prospective and experimental

studies, incorporating measures of gene expression.

The experience of being unpopular may increase allostatic load when children repeatedly

experience social rejection or aggression from their peers. In non-human primates, domi-

nance–subordination relationships are frequently maintained by the dominant individuals’

aggression, threats and intimidation. This pattern can also be observed in children because

children who engage in higher levels of physical, verbal and relational aggression often are

perceived as being popular by their peers [18]. When people experience social threats, they

respond with highly adaptive sympathetic responses leading to activation of their fight or flight

response [68]. When these responses are frequently repeated, stress allostasis becomes chroni-

cally elevated, ultimately down-prioritizing anti-inflammatory and -viral responses as energy

expenditure is reallocated to deal with immediate threats [13]. Such exposure to social threats

in early childhood may lead to epigenetic changes, inflammatory changes and dysregulation of

the hypothalamic–pituitary–adrenal (HPA) axis [27]. Future studies should examine whether

associations between popularity and infection are mediated by indicators of stress, such as the

HPA hormone cortisol.

To our surprise, we did not find significant links between infection and subsequent or con-

current popularity. According to the behavioural immune system hypothesis, children would

distance themselves from sick individuals to prevent pathogens from entering their bodies

[44], while infected children would withdraw from social situations because of cytokine-

induced sickness behaviours [39]. One possible explanation for our non-finding may be that

avoidance of sick peers is mainly temporary, and that most children who have been sick are

included again as soon as the infection has passed. In addition, sick children will normally be

kept at home by their parents, limiting the exposure to peers during the course of infection.

A major strength of our study was the use of a multidisciplinary approach, including paren-

tal questionnaires and extensive interviews with the children. Participants were followed pro-

spectively throughout preschool and elementary school, and our sample represents a variety of

forms, sizes and models of preschools, to date the largest prospective study with child inter-

views. However, some limitations should be mentioned. Parents did not report information

about the duration or severity of the infections. We did not measure the possible causal mecha-

nisms that underlie our findings, in terms of biological markers of inflammation, stress or

genetic mediators. Our study is a prospective longitudinal one, meaning that we cannot rule

out unmeasured confounders, such as systematic variation in genetic susceptibility to both

infections and popularity. In particular, it is possible that children who are highly popular also

have high degrees of fitness-related traits that make them popular, such as intelligence and

emotional stability, and that these traits are, in turn, genetically related to other fitness-related

characteristics such as immunological functioning. Hence, correlations between popularity

and effective immune functioning can, at least in part, have shared genetic influences (See

[69]). Importantly, however, our finding is a strong indicator of a dose–response relation

between popularity and infection, demonstrates the direction of this relationship over time,

and converges with experimental animal studies that demonstrate strong links between social

status and infection susceptibility [70].

Conclusion

Our findings suggest that popular children are less likely to contract infectious diseases. We

did not find any associations between infectious disease and subsequent popularity, nor did

we determine any concurrent associations between popularity and infectious disease. Attempts

to understand the early development and maintenance of social differences in health should
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consider children’s social status as perceived by their peers. Future studies should examine

whether biological regulation mediates this link between children’s popularity and subsequent

risk of infection.

Acknowledgments

We thank Professor Anne Inger Helmen Borge, Department of Psychology, University of

Oslo, for founding the Matter of the First Friendship study, and for her invaluable advice and

support in the production of this manuscript.

Author Contributions

Conceptualization: Vidar Sandsaunet Ulset, Nikolai Olavi Czajkowski, Brage Kraft, Pål Kraft,

Thomas Haarklau Kleppestø, Mona Bekkhus.

Formal analysis: Vidar Sandsaunet Ulset, Nikolai Olavi Czajkowski, Brage Kraft, Mona

Bekkhus.

Investigation: Mona Bekkhus.

Methodology: Vidar Sandsaunet Ulset, Nikolai Olavi Czajkowski, Brage Kraft, Mona

Bekkhus.

Project administration: Vidar Sandsaunet Ulset, Mona Bekkhus.

Resources: Nikolai Olavi Czajkowski.

Software: Nikolai Olavi Czajkowski.

Supervision: Nikolai Olavi Czajkowski, Mona Bekkhus.

Validation: Vidar Sandsaunet Ulset, Nikolai Olavi Czajkowski, Brage Kraft.

Visualization: Vidar Sandsaunet Ulset, Nikolai Olavi Czajkowski.

Writing – original draft: Vidar Sandsaunet Ulset.

Writing – review & editing: Vidar Sandsaunet Ulset, Nikolai Olavi Czajkowski, Brage Kraft,

Pål Kraft, Ellen Wikenius, Thomas Haarklau Kleppestø, Mona Bekkhus.

References
1. Adler NE, Boyce T, Chesney MA, Cohen S, Folkman S, Kahn RL, et al. Socioeconomic status and

health: The challenge of the gradient. Am Psychol. 1994; 49: 15. PMID: 8122813

2. Dowd JB, Zajacova A, Aiello A. Early origins of health disparities: burden of infection, health, and socio-

economic status in US children. Soc Sci Med. 2009; 68: 699–707. https://doi.org/10.1016/j.socscimed.

2008.12.010 PMID: 19152993

3. Shively CA, Day SM. Social inequalities in health in nonhuman primates. Neurobiol Stress. 2015; 1:

156–163. https://doi.org/10.1016/j.ynstr.2014.11.005 PMID: 27589665

4. Pepper G V, Nettle D. The behavioural constellation of deprivation: causes and consequences. Behav

Brain Sci. 2017; 1–72.

5. Lu N, Samuels ME, Shi L, Baker SL, Glover SH, Sanders JM. Child day care risks of common infectious

diseases revisited. Child Care Health Dev. 2004; 30: 361–368. https://doi.org/10.1111/j.1365-2214.

2004.00411.x PMID: 15191427

6. Adler NE, Newman K. Socioeconomic disparities in health: pathways and policies. Health Aff. 2002; 21:

60–76.

7. Eisenberger NI, Moieni M, Inagaki TK, Muscatell KA, Irwin MR. In sickness and in health: the co-regula-

tion of inflammation and social behavior. Neuropsychopharmacology. 2016;

8. Knorr RL, Lipowsky R, Dimova R. Autophagosome closure requires membrane scission. Autophagy.

Taylor & Francis; 2015; 11: 2134–2137.

Links between popularity and infectious diseases in early childhood

PLOS ONE | https://doi.org/10.1371/journal.pone.0222222 September 10, 2019 11 / 14

http://www.ncbi.nlm.nih.gov/pubmed/8122813
https://doi.org/10.1016/j.socscimed.2008.12.010
https://doi.org/10.1016/j.socscimed.2008.12.010
http://www.ncbi.nlm.nih.gov/pubmed/19152993
https://doi.org/10.1016/j.ynstr.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/27589665
https://doi.org/10.1111/j.1365-2214.2004.00411.x
https://doi.org/10.1111/j.1365-2214.2004.00411.x
http://www.ncbi.nlm.nih.gov/pubmed/15191427
https://doi.org/10.1371/journal.pone.0222222


9. Snyder-Mackler N, Sanz J, Kohn JN, Brinkworth JF, Morrow S, Shaver AO, et al. Social status alters

immune regulation and response to infection in macaques. Science (80-). 2016; 354: 1041–1045. Avail-

able: http://science.sciencemag.org/content/sci/354/6315/1041.full.pdf

10. Slopen N, Kubzansky LD, McLaughlin KA, Koenen KC. Childhood adversity and inflammatory pro-

cesses in youth: a prospective study. Psychoneuroendocrinology. 2013; 38: 188–200. Available: http://

ac.els-cdn.com/S0306453012001904/1-s2.0-S0306453012001904-main.pdf?_tid=84438dae-07ed-

11e7-a126-00000aab0f26&acdnat=1489410416_b231b8f2c08784d403a9970901a96633 PMID:

22727478

11. Snyder-Mackler N, Sanz J, Kohn JN, Brinkworth JF, Morrow S, Shaver AO, et al. Social status alters

immune regulation and response to infection in macaques. Science (80-). 2016; 354: 1041–1045.

12. Cohen S, Janicki-Deverts D, Doyle WJ, Miller GE, Frank E, Rabin BS, et al. Chronic stress, glucocorti-

coid receptor resistance, inflammation, and disease risk. Proc Natl Acad Sci. National Acad Sciences;

2012; 109: 5995–5999.

13. McDade TW. Life history, maintenance, and the early origins of immune function. Am J Hum Biol. 2005;

17: 81–94. https://doi.org/10.1002/ajhb.20095 PMID: 15612049

14. Black B, Hazen NL. Social status and patterns of communication in acquainted and unacquainted pre-

school children. Dev Psychol. 1990; 26: 379.

15. Dunn J, Cutting AL. Understanding others, and individual differences in friendship interactions in young

children. Soc Dev. 1999; 8: 201–219.

16. Lippitt R. Popularity among preschool children. Child Dev. 1941; 305–332.

17. Wu X, Hart CH, Draper T, Olsen JA. Peer and teacher sociometrics for preschool children: Cross-infor-

mant concordance, temporal stability, and reliability. Merrill Palmer Q. 2001; 47: 416–443.

18. Rose AJ, Swenson LP, Waller EM. Overt and relational aggression and perceived popularity: Develop-

mental differences in concurrent and prospective relations. Dev Psychol. 2004; 40: 378–386. https://

doi.org/10.1037/0012-1649.40.3.378 PMID: 15122964

19. Fanger SM, Frankel LA, Hazen N. Peer exclusion in preschool children’s play: Naturalistic observations

in a playground setting. Merrill-Palmer Q. JSTOR; 2012; 224–254.

20. Roseth CJ, Pellegrini AD, Bohn CM, Van Ryzin M, Vance N. Preschoolers’ aggression, affiliation, and

social dominance relationships: An observational, longitudinal study. J Sch Psychol. Elsevier; 2007; 45:

479–497.

21. Vermeer HJ, van IJzendoorn MH. Children’s elevated cortisol levels at daycare: A review and meta-

analysis. Early Child Res Q. 2006; 21: 390–401.

22. Groeneveld MG, Vermeer HJ, Linting M, Noppe G, van Rossum EFC, van IJzendoorn MH. Children’s

hair cortisol as a biomarker of stress at school entry. Stress. Taylor & Francis; 2013; 16: 711–715.

23. Parent S, Lupien S, Herba CM, Dupéré V, Gunnar MR, Séguin JR. Children’s cortisol response to

the transition from preschool to formal schooling: A review. Psychoneuroendocrinology. Elsevier;

2018;

24. Gunnar MR, Sebanc AM, Tout K, Donzella B, van Dulmen MMH. Peer rejection, temperament, and cor-

tisol activity in preschoolers. Dev Psychobiol J Int Soc Dev Psychobiol. Wiley Online Library; 2003; 43:

346–368.

25. Bergman TJ, Beehner JC, Cheney DL, Seyfarth RM, Whitten PL. Correlates of stress in free-ranging

male chacma baboons, Papio hamadryas ursinus. Anim Behav. 2005; 70: 703–713.

26. Hymel S, Bowker A, Woody E. Aggressive versus withdrawn unpopular children: Variations in peer and

self-perceptions in multiple domains. Child Dev. 1993; 64: 879–896. PMID: 8339701

27. Syed SA, Nemeroff CB. Early Life Stress, Mood, and Anxiety Disorders. Chronic Stress. 2017; 1:

2470547017694461.

28. Dhabhar FS. A hassle a day may keep the pathogens away: the fight-or-flight stress response and the

augmentation of immune function. Integr Comp Biol. Oxford University Press; 2009; 49: 215–236.

29. Rohleder N. Stimulation of systemic low-grade inflammation by psychosocial stress. Psychosom Med.

LWW; 2014; 76: 181–189.

30. Stark JL, Avitsur R, Padgett DA, Campbell KA, Beck FM, Sheridan JF. Social stress induces glucocorti-

coid resistance in macrophages. Am J Physiol Integr Comp Physiol. American Physiological Society

Bethesda, MD; 2001; 280: R1799–R1805.

31. Avitsur R, Stark JL, Sheridan JF. Social stress induces glucocorticoid resistance in subordinate ani-

mals. Horm Behav. Elsevier; 2001; 39: 247–257.

32. Slavich GM, Irwin MR. From stress to inflammation and major depressive disorder: A social signal trans-

duction theory of depression. Psychol Bull. 2014; 140: 774. Available: https://www.ncbi.nlm.nih.gov/

pmc/articles/PMC4006295/pdf/nihms561676.pdf PMID: 24417575

Links between popularity and infectious diseases in early childhood

PLOS ONE | https://doi.org/10.1371/journal.pone.0222222 September 10, 2019 12 / 14

http://science.sciencemag.org/content/sci/354/6315/1041.full.pdf
http://ac.els-cdn.com/S0306453012001904/1-s2.0-S0306453012001904-main.pdf?_tid=84438dae-07ed-11e7-a126-00000aab0f26&acdnat=1489410416_b231b8f2c08784d403a9970901a96633
http://ac.els-cdn.com/S0306453012001904/1-s2.0-S0306453012001904-main.pdf?_tid=84438dae-07ed-11e7-a126-00000aab0f26&acdnat=1489410416_b231b8f2c08784d403a9970901a96633
http://ac.els-cdn.com/S0306453012001904/1-s2.0-S0306453012001904-main.pdf?_tid=84438dae-07ed-11e7-a126-00000aab0f26&acdnat=1489410416_b231b8f2c08784d403a9970901a96633
http://www.ncbi.nlm.nih.gov/pubmed/22727478
https://doi.org/10.1002/ajhb.20095
http://www.ncbi.nlm.nih.gov/pubmed/15612049
https://doi.org/10.1037/0012-1649.40.3.378
https://doi.org/10.1037/0012-1649.40.3.378
http://www.ncbi.nlm.nih.gov/pubmed/15122964
http://www.ncbi.nlm.nih.gov/pubmed/8339701
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4006295/pdf/nihms561676.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4006295/pdf/nihms561676.pdf
http://www.ncbi.nlm.nih.gov/pubmed/24417575
https://doi.org/10.1371/journal.pone.0222222


33. Eisenberger NI, Inagaki TK, Rameson LT, Mashal NM, Irwin MR. An fMRI study of cytokine-induced

depressed mood and social pain: the role of sex differences. Neuroimage. Elsevier; 2009; 47: 881–890.

34. Eisenberger NI, Inagaki TK, Mashal NM, Irwin MR. Inflammation and social experience: an inflamma-

tory challenge induces feelings of social disconnection in addition to depressed mood. Brain Behav

Immun. Elsevier; 2010; 24: 558–563.

35. Moieni M, Eisenberger NI. Effects of inflammation on social processes and implications for health. Ann

N Y Acad Sci. Wiley Online Library; 2018;

36. Inagaki TK, Muscatell KA, Irwin MR, Moieni M, Dutcher JM, Jevtic I, et al. The role of the ventral striatum

in inflammatory-induced approach toward support figures. Brain Behav Immun. Elsevier; 2015; 44:

247–252.
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