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Abstract 
Background: Early adversities negatively impact children’s growth 
and development, putatively mediated by chronic physiological stress 
resulting from these adverse experiences. We aimed to estimate the 
associations between prospectively measured cumulative early 
adversities with growth and cognition outcomes in rural Indian 
preschool children and to explore if hair cortisol concentration (HCC), 
a measure of chronic physiological stress, mediated the above 
association. 
Methods: Participants were recruited from the SPRING cRCT in rural 
Haryana, India. Adversities experienced through pregnancy and the 
first year of life were measured in 1304 children at 12-months. HCC 
was measured at 12-months in 845 of them. Outcome measures were 
height-for-age-z-score (HAZ), weight-for-age-z-score (WAZ) and 
cognition, measured in 1124 children followed up at 3-years. 
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Cognition was measured using a validated tablet-based gamified tool 
named DEEP. 
Results: Cumulative adversities at 12-months were inversely 
associated with all outcomes measures at 3-years. Each unit increase 
in adversity score led to a decrease of 0·08 units [95% confidence 
interval (CI):-0·11,-0·06] in DEEP-z-score; 0·12 units [-0·14,-0·09] in HAZ 
and 0·11 units [-0·13,-0·09] in WAZ. 12-month HCC was inversely 
associated with DEEP-z-score (-0·09 [-0·16,-0·01]) and HAZ (-0·12 [-
0·20,-0·04]), but the association with WAZ was not significant (p = 
0·142). HCC marginally mediated the association between cumulative 
adversities and HAZ (proportion mediated = 0·06, p = 0·014). No 
evidence of mediation was found for the cognition outcome. 
Conclusions: Cumulative early adversities and HCC measured at 12-
months have persistent negative effects on child growth and 
cognition at 3-years. The association between adversities and these 
two child outcomes were differentially mediated by HCC, with no 
evidence of mediation observed for the cognitive outcome. Future 
studies should focus on other stress biomarkers, and alternate 
pathways such as the immune, inflammation and cellular ageing 
pathways, to unpack key mechanisms underlying the established 
relationship between early adversities and poor child outcomes.

Keywords 
adversity, early-life stress, hair cortisol, preschool, DEEP, cognition, 
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Introduction
At least 250 million children in low- and middle-income  
countries (LMICs) are failing to reach their developmental  
potential due to multiple adversities experienced during early 
life1. Early adversities could have life-long consequences such 
as mental ill-health2,3, poor school readiness and academic  
achievement4, and possible adoption of maladaptive behaviors5. 
These not only compromise growth, development and health 
through childhood, adolescence and adulthood, but also impact 
nurturing care of the next generation, leading to continuing  
cycles of disadvantage.

With the growing recognition that adversities typically  
co-occur6, recent literature has begun to focus on the impact of 
cumulative adversities. The seminal adverse childhood experi-
ences (ACEs) studies which retrospectively assessed multiple 
early adversities found positive associations between cumulative  
adversities experienced during childhood with a range of adverse 
adult health outcomes7–10, many of which are the biggest con-
tributors to the global burden of diseases11. In children, cumula-
tive adversities are predictive of brain functioning12, general 
cognitive ability13–15, executive functioning14,16, social-emotional  
outcomes17,18, and several psychopathologies in adolescence19,20. 
This epidemiological evidence is supported by neuroscientific 
findings linking early adversities with structural and functional  
impairments in developing brain networks21–23.

This study aimed to address two key knowledge gaps. First, 
while cumulative adversities are likely to adversely affect both 
physical growth (height and weight) and cognitive outcomes  
in children, prospective studies that allow comparing the effects 
of cumulative early adversities on later growth and cognition  
in the same sample are missing. The differential effects of  
different types of adversities on these two outcomes are also  
largely unexplored.

Further, one of the mechanisms through which early adversi-
ties are postulated to lead to poor child outcomes is through  
the dysregulation of the hypothalamus-pituitary-adrenal (HPA)  
axis which controls an individual’s response to stressful situa-
tions. While earlier studies have examined salivary cortisol as 
a marker of physiological stress24, hair cortisol concentration 

have recently gained prominence as a reliable marker of chronic  
HPA axis activity in children25–29. However, the prospective  
association between hair cortisol levels with later child  
outcomes has been described in only three studies28,30,31, with  
common childhood diseases, child mental health, and physical 
and mental well-being being the primary outcome measures.  
Second, the putative causal mediation role of hair cortisol  
levels on the association between cumulative adversities and  
later growth and cognitive outcomes in children has not been  
investigated so far.

This study aims to contribute to bridging these knowledge gaps 
by addressing the following primary objectives: (1) estimate and 
compare the associations of cumulative early adversities meas-
ured through pregnancy and the first year of life with physi-
cal growth (height-for-age-z score and weight-for-age-z-score)  
and cognition measured two years later when children were 
three years old; (2) estimate the association between hair cor-
tisol levels at one year with growth and cognition at three  
years; and (3) as a secondary objective, explore the poten-
tial mediating role of hair cortisol levels on the associations 
between early adversities and later growth and cognitive out-
comes, if significant associations were found for (1) and (2). We 
hypothesize that cumulative early adversities will be inversely 
associated with growth and cognitive outcomes and these 
associations will be mediated by chronic stress as measured  
by hair cortisol levels.

Methods
Patient and public involvement statement
Patients or the public were not involved in the design,  
conduct, reporting, or dissemination plans of this study.

Study population
Participants were from the SPRING cluster randomized control-
led trial which recruited children from 120 villages in Rewari 
district of rural Haryana, India. The SPRING program has  
been described in detail elsewhere32,33. Participating families 
were identified by a trial surveillance system whereby trained 
fieldworkers visited every household in the study area every 
8 weeks to identify and enrol pregnancies and births, and to 
follow up those enrolled through the first two years of life.  
In total, 7015 families were enrolled by the surveillance  
system from 24 clusters, defined as the catchment area of a  
functional primary health sub-centre which typically caters 
to about 6000 individuals. Overall, 5114 children born on 
or after 18th June 2015 were included in the trial since the 
SPRING intervention had been fully implemented by then. 
Outcome measures (height-for-age z-score (HAZ) and  
neurodevelopment measured using the Bayley’s Scales of  
Infant and Toddler Development, 3rd Edition (BSID-III)) were 
assessed in 1443 children at 18 months of age.

Data collection
SPRING-ELS (early life stress) was a nested sub-study of the 
SPRING trial evaluating the effects of early adversities and 
stress on child growth and development at 12 months of age34,35.  
As part of the sub-study, adversities experienced during preg-
nancy and the first year of life were assessed at 12 months in  
1304 children. All assessments were done in the household  
within -7 to +21 days of the child’s first birthday, except for 
socioeconomic status which was assessed during enrolment 
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into the study. Adversity assessments were done using ques-
tionnaires and observation of the mother and child by trained 
assessors. Hair samples were collected to measure cortisol  
concentration from all consenting children with adequate  
amounts of hair at 12 months of age.

In total, 1259 of the 1443 children who had completed the 
SPRING outcome assessment at 18 months were followed-
up when they turned 3-years old between August 2018 – March 
2019. Children’s height, weight and cognitive development was 

measured by eight trained assessors in children’s homes in the  
presence of their primary caregivers.

Details of measures
Exposure variables (measured through pregnancy and the first  
year of life)
Cumulative adversity: A set of 22 contextually relevant adver-
sities were selected based on interviews with the families,  
discussion with child development experts and review of rel-
evant literature (see Table 1 for a complete list of selected  

Table 1. Prevalence of adversities categorized across four domains and the proportion of missing values imputed.

a Socio-economic status (SES) score calculated with principle components analysis using household demographics and animal & asset 
ownership
b Answered yes to question: “Since you became pregnant, have you or your immediate family who live with you been in debt?”
c Answered yes to question: “Since you became pregnant, have you ever been hungry because you could not afford to buy food?” or 
similar related to child
d Using World Health Organization (WHO) multi-country study on women’s health and domestic violence against women
e If woman reported husband drinking alcohol, answered yes to question: “does this cause any problems for you”
f Question: “When [person] found out your baby was a girl were you/they happy, unhappy or didn’t mind whether you had a girl or a boy?”
g Assessed using observed feeding index. Very low quality means < = 1 positive verbalisations, and < = 1 games played and < = 1 
responsive actions, plus > = 1
negative actions by mother towards child during feeding session
h The Home Observation for the Measurement of the Environment Inventory
i Not exactly 20% because cut-off made at HOME score of 27
*E All items were assessed at 12 months of age except those marked *E which were collected at enrolment into the surveillance system

Domain Items Prevalence 
(%)

Imputation

Socioeconomic 1.   Socioeconomic status: lowest quintile of asset index (*E)a 
2.   Father education level: primary or none (*E) 
3.   Mother education: none or 1-5 grades (*E) 
4.   Father occupation: at home, seasonably employed or casual labourer 
5.   Mother married under legal age (18 years) 
6.   Family debtb or mother reports being unable to afford food for self or child at any 
pointc

21·5 
5·3 
12·3 
24·5 
19·1 
17·7

26 (2·3%)

Maternal Stress 1.   Mother reports death of husband, parent, sibling, child or friend since pregnancy 
2.   Mother seriously injured or ill since pregnancy 
3.   Any violence from husband or mistreated by any other person since pregnancyd 
4.   PHQ9 score >=5 or problems described make it very/extremely difficult to do daily 
activities 
5.   Duke social support & stress scale: support <=40 or stress >27 
6.   Husband’s alcohol use causes problems for mothere

5·3 
4·4 
13·4 
19·2 
6·9 
8·5

19 (1·7%) 
19 (1·7%)

Relationship 1.   Any of mother, father, mother or mother-in-law were “unhappy” when found out 
child was a girlf 
2.   Mother’s Object Relations Scale concern level: moderate or high 
3.   Observed feeding style: very low qualityg 
4.   HOME inventoryh score: lowest quintilei

15·0 
50·5 
8·1 
15·8

371 (33·0%) 
1 (0·09%)

Direct child 
stressors

1.   Mother-reported child born prematurely 
2.   Child admitted to hospital any time during first year of life 
3.   Mother & child separated for one week or more during first year of life 
4.   Child left alone or with child under 10 years for more than one hour in the past week 
5.   Older children who live in house: say anything to make child cry or unhappy (in last 
week) 
6.   Older children who live in house: hit/punched/kicked/bit child on purpose to make 
them unhappy (in last week)

10·3 
14·9 
1·8 
4·5 
31·7 
18·4
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adversities). Since children at 12 months typically spend most of 
their time in the home and interact with close family members,  
adversities operating at the level of the household were pri-
oritized. The 22 adversity measures were categorized into four 
domains based on their proximity to the child, and presented 
as a conceptual model described earlier35. Factors most distal 
to the child included household level Socio-economic factors  
(SES) that are known to indirectly affect child growth and 
development. The next set of factors operated at the level of the 
primary caregiver were operationalized as Maternal stress.  
Quality of Relationships of the child with their caregivers was 
the third domain and finally, the most proximal domain were  
factors that were direct stressors to the Child. Six factors 
each were assessed within the SES, Maternal Stress and Child 
domains, while the Relationship domain comprised four factors as  
listed in Table 1. 

Adversity scores were derived in three different ways to assess 
total and domain specific effects of cumulative adversities on  
outcomes as described below.

Cumulative adversity score: Sum of all adversities experienced 
by the child, treated as a continuous variable. This represented 
the cumulative adversity total score with a possible range of 
0–22. Since less than 5% of the sample experienced 8 or more 
adversities simultaneously, they were grouped together as  
the 8+ category in regression analyses.

Domain specific adversity scores: Sum of all adversities  
experienced within each domain (SES, Maternal stress, Rela-
tionships and Child), treated as a continuous variable. This  
represented the cumulative adversity domain specific score 
and was used to examine the relative influence of the different 
domains of adversities on child outcomes. Possible score ranges 
were 0–6 for SES, Maternal stress, and Child domains, and  
0–4 for Relationships.

Adversity (PCA score) quintiles: Since adversities are known 
to cluster within households6, a principle component analysis 
(PCA) approach was used to determine the linear combination  
of factors that contributed to the maximum variance in the 
data, to avoid misinterpretation due to underlying collinearity  
between adversity measures. The raw PCA score of the first 
principle component (PC1) categorized into quintiles formed  
the third explanatory variable. 

Chronic stress: The detailed protocol for hair sampling and 
hair cortisol measurements has been previously described34. 
Briefly, hair samples were collected at 12 months from the pos-
terior vertex, which is the area with the least intra-individual  
variability36. Assessors aimed to collect at least 10 mg of hair, 
which translated to 2–3 cm length of hair from a 1-cm diameter 
area on the head. Once collected, the samples were wrapped 
in aluminium foil with the scalp end marked. Subsequently,  
3-cm of hair most proximal to the scalp was cut, repackaged  
into aluminium foils and paper envelopes, and shipped to the 
laboratory at room temperature for hair cortisol measurement. 
In the laboratory, cortisol extraction and analysis involved 
washing the hair in isopropanol, drying them for 24 hours,  
cutting them fine with standard scissors, and analysis using 

a Salimetrics ELISA kit (#1-3002) as per the manufacturer’s 
instructions (Salimetrics USA). Results were converted into 
picograms of cortisol per mg of hair. Log-transformed hair  
cortisol concentrations (since the distribution was left-skewed), 
treated as a continuous variable, was the fourth explanatory  
variable.

Outcome variables (measured during the 3-year follow-up  
assessment)
Anthropometry: Height was measured using a Seca 213  
Portable Stadiometer and weight by SECA-384 electronic scale 
following World Health Organization (WHO) protocols37. The 
raw height and weight data were age- and gender adjusted using 
WHO norms to derive height-for-age (HAZ) and weight-for-age  
(WAZ) z-scores37. They comprised the first set of outcome  
variables representing physical growth.

Cognition: Cognition was measured using a novel tablet-based 
tool named Developmental Assessment on an E-Platform 
(DEEP). DEEP is a gamified assessment of cognitive abilities 
administered on a low-cost Android device (Samsung Tab E)  
by non-specialists in the comfort of the child’s home38. In the 
version used in this study, DEEP comprised nine games that 
assessed multiple domains of cognition such as processing 
speed, manual coordination, response inhibition, divided atten-
tion, reasoning, visual integration and visual form perception.  
The list of games on DEEP, example screenshots, and the 
main instructions for gameplay are demonstrated in Extended  
Data - Fig. 139. DEEP metrics have been demonstrated to be 
predictive of a child’s BSID-III cognitive score using a super-
vised machine learning analysis approach40. DEEP scores 
in this sample show significant positive associations with  
concurrently and prospectively measured HAZ41, which is one 
of the most commonly used proxy indicators of cognition42,43. 
DEEP scores were scaled to z-scores to allow comparison of 
the effects of cumulative adversities on physical growth versus  
cognition.

Since assessment on DEEP required children to interact with 
a tablet computer and understand the rules of the game as ver-
bally described by the assessor, children with severe visual or 
hearing impairments, or any other condition that affected their 
meaningful interaction with a tablet computer were excluded  
from the three-year assessment. Approximately 10% of all vis-
its by trained assessors were supervised by a field supervisor.  
Weekly group sessions were conducted with all assessors to pro-
vide feedback. Regular refresher trainings were provided by  
senior team members.

Statistical analysis
Data were analysed in STATA version 15 (StataCorp LLC, Col-
lege Station, TX, USA, RRID:SCR_012763) and the R statis-
tical software (RRID:SCR_001905)44. Missing values in the  
explanatory variables were imputed using Multiple Imputa-
tion by Chained Equations (MICE) separately for the analyses 
relating to the three outcome variables (DEEP-z-score, HAZ,  
WAZ).

Associations between exposure and outcome variables: The 
associations between the adversity and hair cortisol exposure 
variables measured at 12 months (continuous variables) with 
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growth and cognition outcomes at 3 years (continuous variables) 
were determined using multilevel modelling, with cluster as the  
random effect and intervention allocation arm included as 
a fixed effect. Age at 3-year assessment and gender were 
included as potential confounders. The predicted means and 
95% confidence intervals (CI) of the outcome measures (HAZ,  
WAZ and DEEP z-scores) for each level of adversity (total cumu-
lative, domain specific cumulative and quintile) or log-cortisol  
measures (mean and 2SDs above and below the mean) were 
calculated from the adjusted regression models and plotted  
to visualize the change in growth and cognition outcomes 
with increasing levels of adversity and stress. For domain  
specific cumulative adversities, results were plotted as the pre-
dicted mean outcome z-score for zero adversities within the 
domain, along with the slope indicating the unit change in  
outcome z-score per unit increase in domain specific adversity.

Exploratory mediation analysis: We hypothesized that stress 
resulting from experience of early adversities, using the proxy  
biomarker of hair cortisol concentration, mediates the associa-
tion between cumulative adversities (total score) and child out-
comes at 3-years. Causal mediation analysis was conducted 
using the ‘mediation’ package in R45. Multilevel models, with 
cluster as the random effect, intervention allocation arm as the  
fixed effect and age at 3-year assessment and gender as con-
founders were generated between [1] exposure and outcome,  
[2] exposure and mediator, and [3] exposure and outcome 
adjusted for the mediator. Effect estimates were compared 
between models [1] and [3]. Causal mediation was determined 
using the ‘mediate’ function within the mediate package on  
models [2] and [3]. Results were tabulated to report the aver-
age causal mediated effect (ACME), the average direct (ADE), 
the total effect, and the proportion of effect that is mediated,  
along with their respective p-values.

Ethics
This study was conducted in accordance with the Declara-
tion of Helsinki. Written informed consent was taken from  
parents during enrolment in the SPRING study, and before the  
18- and 36-month outcome assessments. Ethics approval for the 
SPRING/ELS study for assessments conducted at 12 months 
was obtained from the London School of Hygiene & Tropical  
Medicine research ethics committee (23 June 2011; approval 
number 5983) and the Sangath Institutional Review board  
(IRB) (19 February 2014). Approval was also granted by the  
Indian Council of Medical Research’s Health Ministry Screen-
ing Committee (HMSC) (24 November 2014). Ethical approval 
for data collected for the follow-up study at 3-years was 
obtained from the Public Health Foundation of India (PHFI)  
(27 October 2017; 18 July 2018) and Sangath IRBs (23 
August 2018). LSHTM provided ethics approval for secondary  
analysis of the SPRING dataset for this follow-up study  
(11 June 2020; approval number 9886 (5983) – 6).

Role of the funding source
The funding agencies had no involvement in the collection, 
analysis, and interpretation of data, writing of the report and  
the decision to submit the paper for publication. 

Results
Description of the study sample
Of 1304 children with adversity assessments from the  
SPRING-ELS study, we assessed 1124 (86.2%) for outcomes 
at 3-years. Loss-to-follow-up was due to: moved away (92); 
temporarily unavailable (37); not approached because lost-to- 
follow-up at 18-month SPRING outcome assessment (32); 
withdrew or refused consent (11); technical errors with DEEP  
data (5); inability to engage with DEEP assessment (2); and death 
of child (1). Participant demographics of the sample that was 
lost to follow-up was largely comparable with the sample that 
was followed up, except for a slightly lower proportion of boys 
and higher proportion of parents with graduate level education  
(Table 2). Child sociodemographic characteristics during the  
3-year follow-up assessment show that mean age was 38·8 
months (SD: 0·97; range = 34–42 months). 45·6% were female. 
44·7% attended preschool. 71·2% of mothers and 67·8% of 
fathers had completed at least secondary or higher secondary 
schooling, and the sample was equally distributed across the 
SES quintiles computed at the time of enrolling families into the  
SPRING study during 2014–15.

At three years, mean (SD) HAZ and WAZ were -1·59 (0·99) 
and -1·41 (0·94), respectively. Overall, 35·6% were stunted, 
and 23·3% underweight (19·3% were both) as per WHO  
definition37. Mean (SD) cognitive score (DEEP) was 69·8 points 
(SD: 3·09; range: 60·5 – 79·2). 2·6% of the sample fell outside  
two standard deviations from the mean.

Of the 1304 children with adversity data at 12-months, hair cor-
tisol data was available for 845 children, and of those, 607 were 
followed-up at 3-years. The geometric mean (SD) of hair cor-
tisol concentration was 64·56 (10·71) picograms/mg of hair  
(Range: 0·44 – 103,934 pg/mg). Participant demographics of 
the sub-sample of participants with hair cortisol data (N=607) 
were similar to those of the larger sub-sample of 1124 children  
(Table 2).

Prevalence of cumulative adversities
The prevalence of each individual adversity is listed in Table 1.  
In total, 102 (9·1%) children did not experience any adver-
sity, whereas 57·6% experienced 3 or more (Figure 1A). Mean  
total adversity score was 3·36 (range 0–12) (Figure 1A). The 
maximum possible score within individual domains of adver-
sity was 6, apart from Relationship which was 4. The range of 
the scores in our sample were: SES: 0–6; Maternal stress: 0–4;  
Relationship: 0–3; Child: 0–5 (Figure 1 B–E).

Prospective association between cumulative adversities 
and cognition
There was a significant inverse association between cumula-
tive adversity total score at 12 months and cognition at 3-years  
(Figure 2 and Extended Data-Table 139). This was approxi-
mately linear with no threshold or ceiling effects (Figure 2A);  
each unit increase in adversity being associated with a 
decrease of 0·08 units in DEEP z-score (95% CI: -0·11, -0·06;  
p-trend < 0·001). The predicted mean DEEP z-scores of  
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Table 2. Participant demographic details. *LTFU = Loss to follow-up, SES = Socio-
economic status.

Characteristic N = 1124 
(adversity 
and DEEP)

N=607 
(cortisol 
and DEEP)

N = 180 
(LTFU* at 
3-years)

Male, n (%) 611 (54·4) 294 (48·4) 83 (46·1)

Age at 3-year assessment (months), mean (SD) 38·8 (0·97) 38·8 (0·97) -

Mother’s age at delivery (years), mean (SD) 22·4 (3·8) 22·4 (3·7) 22·2 (3·6)

Mother’s education level, n (%) 
    Below primary (including never been to school) 
    Primary/middle school completed 
    Secondary/higher secondary school completed 
    College & above

 
70 (6·2) 
366 (32·6) 
434 (38·6) 
254 (22·6)

 
32 (5·3) 
183 (30·2) 
240 (39·5) 
152 (25·0)

 
11 (6·1) 
40 (22·2) 
72 (40·0) 
57 (31·7)

Father’s education level, n (%) 
    Below primary (including never been to school) 
    Primary/middle school completed 
    Secondary/higher secondary school completed 
    College & above

 
25 (2·2) 
258 (23·0) 
503 (44·8) 
338 (30·1)

 
11 (1·8) 
135 (22·2) 
271 (44·7) 
190 (31·3)

 
2 (1·1) 
28 (15·6) 
82 (45·6) 
68 (37·8)

SES quintile (during enrolment), n (%) 
Q1 (poorest) 
Q2 
Q3 
Q4 
Q5 (wealthiest)

 
242 (21·5) 
251 (22·3) 
230 (20·5) 
220 (19·6) 
181 (16·1)

 
126 (20·8) 
120 (19·8) 
144 (23·7) 
120 (19·8) 
97 (16·0)

 
38 (21·1) 
28 (15·6) 
32 (17·8) 
35 (19·4) 
47 (26·1)

Height-for-age (z-score), mean (95% CI) at 3-year 
assessment 
Stunted, n (%)

-1·59 (0·99) 
 
35·6

-1·54 (1·01) -

Weight-for-age (z-score), mean (95% CI) at 3-year 
assessment 
Underweight, n (%)

-1·41 (0·94) 
 
23·3

-1·35 (0·96) -

Preschool enrolment, n (%) 
Private preschool 
Anganwadi centers 
Other 
None

 
266 (23·7) 
219 (19·5) 
17 (1·5) 
622 (55·3)

 
165 (27·2) 
115 (19·0) 
9 (1·5) 
318 (52·4)

-

children experiencing none versus eight or more adversities 
were +0·30 and -0·43 respectively, resulting in a difference of  
0·7 SDs between these groups.

A similar relationship was observed when adversity scores were 
categorized into quintiles based on PCA scores (Figure 2B).  
The difference in mean predicted DEEP z-scores between the 
extreme quintiles was 0·56 SDs (Extended Data-Table 139).  
A threshold effect was observed for the two lowest adver-
sity quintiles; beyond this, a sharp linear decrease in DEEP 
z-scores was observed for each additional adversity quintile  
(Figure 2B, p-trend < 0·001). The sharpest drop in predicted  
DEEP z-score was between groups experiencing the high-
est levels of adversity (i.e. moving from the fourth to fifth 

quintile resulted in a decrease of 0·28 units in DEEP z-score,  
compared to no difference between the first and second quintiles; 
Extended Data-Table 139).

Prospective association between cumulative adversities 
and physical growth
The association between early adversities, represented both as 
cumulative total scores or quintiles, and anthropometric meas-
ures (HAZ, WAZ) at 3-years showed similar inverse relation-
ships as seen with children’s cognitive outcomes (Figure 3A, B).  
Specifically, each unit increase in cumulative adversity total 
score led to a decrease of 0·12 (95% CI: -0·14, -0·09; p < 0·001) 
units in HAZ and 0·11 (95% CI: -0·13, -0·09, p < 0·001) units  
WAZ at 3-years (Figure 3 and Extended Data-Table 139). The  
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Figure  1. Distribution of total and domain specific adversity scores in the sample. Distribution of total adversity scores in the 
sample (N = 1124) across (A) all domains and for each sub-type of adversity. They are (B) Socio-economic status (SES) (C) Maternal stress, 
(D) Relationships, and (E) Child factors.

difference in the predicted mean HAZ and WAZ scores  
between groups of children experiencing none versus 8+ 
adversities was 1·05 SDs and 1·01 SDs, respectively, and the  
difference between the least and most adverse quintiles were 
0·76 and 0·8 SDs respectively (Extended Data-Table 139). Unlike 
the threshold effect seen with cognitive outcomes for the first 
two adversity quintile groups, a linear decrease was observed  
across all groups for HAZ and WAZ outcomes.

Relative effect of different adversity subtypes on 
physical growth and cognitive outcomes at 3-years
The SES and relationship domains had the greatest effect on 
cognition at 3-years (Figure 2C, Figure 3C–D and Extended  
Data-Table 239); each additional adversity experienced within 
these domains was associated with a decrease of 0·19 (95%  
CI: -0·24, -0·14; p < 0·001) and 0·18 (95% CI: -0·25, -0·10;  
p < 0·001) units in DEEP z-scores. Maternal stress led to a 
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Figure  2.  Relationship  between  cumulative  adversity  measured  at  12  months  and  cognition  measured  at  3  years  using 
Developmental  Assessment  on  an  E-Platform  (DEEP). Cognitive development was measured using a gamified tablet-based tool  
named DEEP. DEEP scores were transformed to z-scores to interpret the impact of increasing levels of adversity on SD units change 
in DEEP scores. The predicted mean (95% confidence interval [CI]) DEEP z-score was computed from mixed-effects linear regression  
models adjusted for gender and age at 36-month assessment. (A) Relationship between the mean predicted DEEP z-score (purple)  
with 95% CI (grey shaded area) when adversity was measured as the summed score or (B) categorized into quintiles based on  
principle component analysis (PCA) score is represented. (C) Mean predicted DEEP z-score for zero adversities experienced within 
each domain (SES, Maternal stress, Relationships, Child), and the linear decline per unit increase in adversity within each sub-type of  
adversity. The total number of adversities measured within each domain was 6, except for Relationship which measured 4.

moderate decrease of 0·09 units per unit stressor (95% CI:  
-0·16, -0·03; p = 0·007), whilst the child domain had no 
effect (decrease for every additional child factor = 0·01 units  
(95% CI: -0·07, 0·05; p = 0·767).

All adversity domains, including child factors, showed sig-
nificant inverse associations with HAZ and WAZ (Figure 3C–D  
and Extended Data-Table 239). The effects of SES, Maternal 
stress and Relationships on cognition and physical growth  
outcomes were comparable (Extended Data-Table 239).

Prospective association between hair cortisol levels and 
growth and cognition
Four outliers for hair cortisol concentration were winso-
rized to 3 SDs above the mean. Hair cortisol concentration at  
12-months showed a significant inverse association with cog-
nition at 3-years. For every unit increase in log hair cortisol  
levels, we observed a decrease of 0·09 (95% CI: -0·16, -0·01;  
p = 0·04) units in DEEP z-score (Figure 4 and Extended  
Data-Table 339). The predicted mean DEEP z-score of chil-
dren in the top 5% of hair cortisol levels was -0·203, whereas 
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for those with the least hair cortisol levels (minimum detect-
able limit) was +0·363, resulting in a difference of 0·56 SDs 
between the extreme groups. A similar relationship was observed 
between hair cortisol levels at 12-months and both HAZ  
and WAZ. For HAZ, there was a decrease of 0·12 units for  
every unit increase in log hair cortisol levels (95% CI: -0·20, -0·04;  
p = 0·005). However, the decrease for WAZ was not significant  
(p = 0.142; Extended Data-Table 339).

Exploratory mediation analysis
Table 3 and Figure 5 report the results from the analysis  
exploring the putative mediating role of hair cortisol concen-
tration on the associations between cumulative adversity and 
physical growth and cognition. Before running the ‘mediation’ 
package in R, missing values were omitted from the full data-
set to generate an analytic sample of N = 606 and 604, respec-
tively, for the cognition and growth outcomes respectively  
(see Figure 5). We found no evidence of statistically signifi-
cant mediation by hair cortisol concentration on the association  

between cumulative adversities and cognition or WAZ (ACME 
= -0·004, p = 0·086 for cognition and ACME = -0·003, p = 
0·16 for WAZ). On the other hand, hair cortisol concentration 
was found to partially mediate the association between  
cumulative adversity total score and HAZ (ACME = -0·006,  
p = 0·014 and ADE = 0·089, p < 0·001); the proportion of effect  
that was mediated was small (0·06, p = 0·014).

Discussion
This study prospectively evaluated the associations between 
early adversities experienced during pregnancy and through 
the first year of life, and later physical growth and cognition 
outcomes measured when children turned 3 years of age. We 
observed large and significant differences in both physical growth  
and cognitive outcomes between groups experiencing none  
versus 8+ concurrent adversities. The difference in mean HAZ  
and WAZ scores between these extreme groups were approxi-
mately one standard deviation, and the difference in cognitive 
outcomes were 0·7 SDs. These relationships were dose-dependent  

Figure 3. Relationship between adversity measured at 12 months and anthropometric measures at 3 years. The predicted mean 
(95% confidence interval [CI]) height-for-age z-score (HAZ) and weight-for-age z-score (WAZ) was computed from mixed-effects linear 
regression models adjusted for gender and age at 36-month assessment. (A) Relationship between the mean predicted HAZ (blue) and 
WAZ (red) with 95% CI (shaded area) when adversity was measured as the summed score or (B) categorized into quintiles based on principle 
component analysis (PCA) score is represented. The mean predicted HAZ (C) or WAZ (D) for zero adversities experienced within each  
sub-type of adversity is plotted, along with the linear decline per unit increase in adversity within each domain.
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Table 3. Exploratory mediation analysis to assess the mediating role 
of hair cortisol concentration on the association between cumulative 
adversity and child outcomes. This table reports the estimates for the 
Average Causal Mediation Effect (ACME), Average Direct Effect (ADE), the 
Total effect and the Proportion of effect mediated (Ratio of ACME and ADE) 
for the association between cumulative adversity and three child outcomes 
– cognition, height-for-age-z-score (HAZ) and weight-for-age-z-score (WAZ) 
– see Figure 5. p-values for each estimate are indicated within parenthesis. 
Estimates with p < 0.05 are highlighted in bold. 

DEEP (p-value) HAZ (p-value) WAZ (p-value)

ACME -0·004 (0·086) -0·006 (0.014) -0·003 (0·16)

ADE -0·082 (< 0·001) -0·089 (< 0·001) -0·102 (< 0·001)

Total effect -0·086 (< 0·001) -0·094 (< 0·001) -0·104 (< 0·001)

Proportion mediated 0·04 (0·086) 0·06 (0.014) 0·02 (0·16)

Figure 4. Relationship between hair cortisol concentration measured at 12 months and growth and development measured at 
3 years. The predicted mean (95% confidence interval [CI]) outcome scores were computed from mixed-effects linear regression models 
adjusted for gender and age at 36-month assessment. The mean predicted height-for-age z-score (HAZ) (blue), weight-for-age z-score 
(WAZ) (red), and Developmental Assessment on an E-Platform (DEEP) z-score (grey) with 95% CI (shaded area) is plotted against the mean 
and ± 2SD of log hair cortisol levels in the sample. Increasing hair cortisol concentration was associated with worse growth (both HAZ and 
WAZ) and DEEP z-score (measure of cognitive abilities).

with no ceiling effects, and echo the results seen in the same 
sample when outcomes were measured at 18 months35, sug-
gesting that the impact of early adversities are sustained over 
time. The heterogeneity in study methods and participant char-
acteristics make it hard to compare these estimates with the  
literature46–48; however, our results highlight the persistent 
effects of early adversities on later physical growth and cog-
nition measured up to three years later, thereby aligning with 
a large body of literature demonstrating the long-term and  

detrimental effects of early adversities and chronic stress on  
child outcomes22,49.

This is the first large-scale study to explore the putative medi-
ating role of hair cortisol concentration on the associations 
between early adversities and physical growth and cognition 
outcomes in preschool children. We found that 12-month hair  
cortisol concentration was inversely associated with cogni-
tion and linear growth (HAZ) at 3-years, but not significantly 
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with WAZ. However, while hair cortisol marginally mediated  
the association between early adversities and HAZ, no sig-
nificant mediation effects were observed for WAZ or cognitive  
outcomes. Therefore, while these findings support dysregulation  

of the HPA axis as an important risk factor for poor child  
outcomes50, they do not support our hypothesis that hair cortisol  
concentration is a key mediator underlying the established 
relationship between early adversities and child outcomes. 

Figure 5. Exploratory mediation analysis to assess the putative mediating role of hair cortisol concentration on the association 
between cumulative adversity total score and child outcomes. The putative mediating role of hair cortisol concentration measured  
at 12 months on the association between early adversities measured during pregnancy and through the first year of life on (A) cognition, 
(B) height-for-age-z-score (HAZ), and (C) weight-for-age-z-score (WAZ) measured at 3 years was assessed using the ‘mediation’ package  
in the R statistical software. Effect estimates for total and indirect effects are indicated. *p < 0.05, ***p < 0.0001.
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Three recent studies also found no evidence of mediation by 
hair cortisol concentration on the association between early 
adversities and child mental health at 3-years, supporting our 
results51–53. However, given the long standing and well-accepted  
hypothesis that chronic stress resulting from early adversities  
leads to dysregulation of the HPA axis54, ultimately resulting  
in poor cognitive outcomes, future research should explore 
the role of other potential mediators linked to the stress  
pathway55, as well as other mechanisms implicated downstream 
of early adversities such the immune, metabolic and epigenetic  
pathways56.

Among the different sub-types of adversities assessed, the 
SES and Relationship subscales were found to have the largest  
effects on cognition and growth at 3-years. This is unsurpris-
ing, since factors associated with low SES have consistently 
been demonstrated to be detrimental to child growth and  
development57. Similarly, the effects of the Relationship sub-
scale, which measured the quality of nurturing relationships and 
learning opportunities in the home, supports the growing body 
of work which demonstrate the buffering effects of secure and 
responsive relationships against the negative impacts of early  
adversities and vice-versa58–60.

Contrary to previous findings at 18-months of age, cumulative 
adversities in the Child domain were not associated with cog-
nitive outcomes at 3-years, although it is noteworthy that this 
domain showed the weakest association at 18-months35. Recent 
literature suggests that different types of adversities may have 
differential effects on child outcomes61–63. For example, while 
adversities related to deprivation (neglect or material deprivation) 
may lead to poor cognitive outcomes, threat (physical and  
emotional abuse) is more likely to cause atypical social-emotional  
development63. The cumulative prevalence of threat inducing  
factors (e.g. bullying by an older child) was considerably higher 
(50.1%) in our sample compared to neglect (6.3%), possibly  
explaining why Child factors measured at 12 months were 
not related to cognitive outcomes at 3 years. Interestingly, 
however, they still had significant effect on HAZ and WAZ  
outcomes at 3 years.

One of the key strengths of this study was the use of a scal-
able tablet-based tool (DEEP) to assess cognition in 3-year-old  
children which made it possible to assess cognitive outcomes in 
this large sample. Other strengths include the use of a popula-
tion based sample from an LMIC that is representative of the  
demographic profile of the region from where it was recruited, 
a prospective study design, the use of validated measures 
for exposure and outcome assessments, measurements of a  
large number of adversities that are contextually relevant to 
the population and life-stage studied, and the analysis of the 
effects of both total and domain specific cumulative adversi-
ties on growth and cognition in preschool children. Although 
a few data points related to adversity measures were imputed, 
the proportion was very small (~2%) with the exception of the 
Relationship domain. Limitations include no further adver-
sity or stress assessments after 12-months of age which may  

confound the impact of recently experienced adversities – we  
intend to do this in due course.

Conclusions
Our results add to the growing body of literature that demon-
strate the negative impact of early adversities on growth and 
cognition across infancy64 and early childhood65–68. It also pro-
vides the first demonstration of a significant prospective asso-
ciation between hair cortisol concentration and linear growth  
(HAZ) and cognition in the first 3 years of life, as well its dif-
ferential mediating role in the association between early 
adversities with HAZ versus cognitive outcomes. Continued  
follow-up of the SPRING cohort into adolescence and adulthood 
will provide a platform to describe the long-term conse-
quences of early adversities and stress on physical and mental 
health across the life course in a LMIC context. Our results  
make it imperative that we continue to estimate the preva-
lence and impact of early adversities on concurrent and future 
health outcomes so as to mitigate their adverse effects through  
contextually appropriate interventions. The Sustainable Devel-
opment Goals (SDG)69 and the Nurturing Care Framework70  
provide excellent frameworks to design and operationalize this 
effort. 
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the cohort were followed up and height-for-age, weight-for-age and cognition were measured 
alongside hair cortisol which was examined as a potential mediator between age 12-month 
cumulative adversities and age 3 year outcomes. 
 
As the authors point out, there has never previously been a large-scale study exploring the 
putative mediating role of hair cortisol on the associations between early adversities and physical 
growth and cognitive outcomes in preschool children.  Excellent prospective longitudinal studies 
of infant development of this scale are rare worldwide and this is a very welcome addition to the 
field.  This is a rare and precious sample because of the high proportion of children experiencing 
extremes of adversity alongside a wide variance in experiences of adversity across the sample.  
Lack of variance in experiences of adversity (especially few participating children with high 
cumulative adversity) has been a real problem for prospective longitudinal cohorts attempting to 
understanding associations between ACEs and outcomes during childhood in White, Educated, 
Industrialised, Rich and Democratic (WEIRD) countries.  The only downside of this cohort is the 
lack of very clear information about abuse and neglect other than by siblings. This is not a 
criticism since this is almost certainly inevitable if accurate child protection recording/records are 
lacking in this geographical area – but is perhaps worth mentioning as a limitation.  On the other 
hand, I was very impressed by the pragmatic way in which adversities were measured and the 
child centred way in which direct adversities had been considered.

The introduction provided a comprehensive and clear justification for the study. 
 

○

The methods were also clear. A little bit more information about how the SPRING-ELS sub-
study was targeted and recruited might have been helpful although this is not a major issue 
as this is described in previous publications. I found Table 1 a little difficult to understand in 
terms of how points a to e related to the four domains – some clarification would be helpful. 
 

○

The team are to be congratulated on a fantastic retention rate and extremely few 
withdrawals.  There was also a clear demonstration that there were no major systematic 
bias due to attrition.  
 

○

The results were, on the whole, very clear. Perhaps more was made of Figure 2B than was 
necessary – did it add anything to the data displayed in Figure A? 
 

○

The discussion was very clearly written.  In my view, the only thing missing was a 
consideration of the potential for reverse causality.  Although cognition at 12 months of age 
would have been hard to measure reliably (so reasonable not to have done this), 12 month 
cognition was likely highly correlated with cognition at 3 since cognition is generally a highly 
stable trait in the absence of extreme adversity.  Cognitive impairment can be stressful for 
both children themselves and for their families and can lead to adversity through higher 
rates of abuse, neglect and bullying – and through families having to look after children 
closely for longer, with potential impairments to income and social integration. Worth 
mentioning this as something to perhaps consider in future research.

○

 
Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
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Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Child and adolescent psychiatry, adversity research epidemiology, 
randomised controlled trials.

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

Author Response 18 Aug 2022
Debarati Mukherjee, Indian Institute of Public Health-Bengaluru, Public Health Foundation 
of India, Bengaluru, India 

Thank you for your kind review of this article. Please find our responses below:
The methods were also clear. A little bit more information about how the SPRING-ELS sub-
study was targeted and recruited might have been helpful although this is not a major 
issue as this is described in previous publications. I found Table 1 a little difficult to 
understand in terms of how points a to e related to the four domains – some 
clarification would be helpful.

○

Apologies for the confusion. Points a to i are footnotes for each of the adversity measures 
listed in the table, that were then subsequently categorized into the four domains. 
For example the footnote for Point a is “Socio-economic status (SES) score calculated with 
principle components analysis using household demographics and animal & asset ownership” - 
which is an explanation for how we identified the subset of participants who met the criteria 
of experiencing this adversity: “Socioeconomic status: lowest quintile of asset index (*E) a”. This 
adversity was categorized into the SES domain as shown in the table. 
Similarly the footnote for Point e is “If woman reported husband drinking alcohol, answered 
yes to question: “does this cause any problems for you”. This was the criteria used to 
identify participants to be included in the adversity factor defined as “Husband’s alcohol use 
causes problems for mother e”. This adversity was categorized into the Maternal Stress 
domain as shown in the table.

The results were, on the whole, very clear. Perhaps more was made of Figure 2B than was 
necessary – did it add anything to the data displayed in Figure A?

○

Although the overall trend of the results were the same, Fig. 2B accounts for the fact that 

 
Page 18 of 22

Wellcome Open Research 2022, 7:74 Last updated: 30 AUG 2022



adversities are known to cluster within households, and therefore it may be likely that the 
different adversity measures included in our total adversity score are highly correlated 
(always occurring together). This may introduce a bias through ‘double counting’ co-
occurring adversities. To overcome this potential bias, we used a principle component 
analysis (PCA) approach to determine the linear combination of factors that contributed to 
the maximum variance in the data, to avoid misinterpretation due to underlying collinearity 
between adversity measures. The similarity in results presented in Figs 2A and 2B 
demonstrate the robustness of the association between early adversities and poor child 
outcomes, irrespective of the method of analysis.

The discussion was very clearly written.  In my view, the only thing missing was a 
consideration of the potential for reverse causality.  Although cognition at 12 months of 
age would have been hard to measure reliably (so reasonable not to have done this), 12 
month cognition was likely highly correlated with cognition at 3 since cognition is 
generally a highly stable trait in the absence of extreme adversity.  Cognitive impairment 
can be stressful for both children themselves and for their families and can lead to 
adversity through higher rates of abuse, neglect and bullying – and through families 
having to look after children closely for longer, with potential impairments to income and 
social integration. Worth mentioning this as something to perhaps consider in future 
research.

○

While we completely agree with your point. However, there were very very few children who 
were reported to have a developmental delay or disorder in our sample.  

Competing Interests: I declare no competing interests

Reviewer Report 28 March 2022
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© 2022 Piper J. This is an open access peer review report distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Joe Piper   
Centre for Genomics and Child Health, Blizard Institute, Queen Mary University of London, 
London, UK 

This is an elegant and interesting study examining how early adversities in the SPRING RCT in 
rural India measured at 12 months impact growth and cognition at 3 years. It also explored the 
association and mediation of hair cortisol concentration. Cumulative adversities in all domains 
(except the child domain) were inversely associated with growth and cognitive measures. An 
association of increasing 12 month hair cortisol concentration was observed with decreasing 
cognition and HAZ scores, but not WAZ. Mediation analysis suggested that hair cortisol 
concentration partially mediated the association between cumulative adversities and HAZ, but not 
for cognition. Hence this studies concludes that other biomarkers, and alternative pathways 
should also be explored in the future. I would recommend publication with a few minor 
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corrections as detailed below:
The second sentence in the introduction is too long and needs dividing: Early adversities 
could have life-long consequences such as mental ill-health2,3, poor school readiness and 
academic achievement4, and possible adoption of maladaptive behaviors5. These not only 
compromise growth, development and health through childhood. 
 

○

The proportion of imputation of missing values is generally small with the exception of 
relationship domain: this could be pointed out in the discussion. 
 

○

606 out of 845 hair cortisol measurements were used: have the authors considered a 
sensitivity analysis using all the hair cortisol measurements with the missing data imputed? 
It would be good to know if a sensitivity analysis on this was performed, or if not, why this 
was not feasible. 
 

○

For the winsorized hair cortisol measurements that were defined as 3 SD’s above the mean, 
was there any other explanation for these high cortisol measurements? Were they 
representative of particularly high levels of adversity, or attributed to measurement error? 
An extra line explaining this would be helpful. 
 

○

A brief description of the mediation analysis techniques used in the R mediation would also 
improve the paper. 
 

○

Figure 4’s caption should be expanded slightly to improve its clarity. This could include 
another line describing how increasing hair cortisol was associated with worse growth and 
DEEP-Z score.

○

 
Is the work clearly and accurately presented and does it cite the current literature?
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Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes
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I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

Author Response 18 Aug 2022
Debarati Mukherjee, Indian Institute of Public Health-Bengaluru, Public Health Foundation 
of India, Bengaluru, India 

Thank you for your kind review of this article. Please find our responses below:
The second sentence in the introduction is too long and needs dividing: Early adversities 
could have life-long consequences such as mental ill-health2,3, poor school readiness and 
academic achievement4, and possible adoption of maladaptive behaviors5. These not only 
compromise growth, development and health through childhood. 
 

○

Thank you for this suggestion. This has been edited in the new version of the manuscript. 
 

The proportion of imputation of missing values is generally small with the exception of 
relationship domain: this could be pointed out in the discussion. 
 

○

The following sentence was included in the section describing the strengths and limitations 
of the study within the discussion: 
Although a few data points related to adversity measures were imputed, the proportion was 
very small (~2%) with the exception of the Relationship domain. 
 

For the winsorized hair cortisol measurements that were defined as 3 SD’s above the mean, 
was there any other explanation for these high cortisol measurements? Were they 
representative of particularly high levels of adversity, or attributed to measurement error? 
An extra line explaining this would be helpful. 
 

○

We checked and found no association of children with very high cortisol levels (> 3SD) with 
their adversity scores. No clear reason for these high hair cortisol values were noted. The 
high values could have potentially resulted from measurement error, but we are unable to 
verify it. 
 

A brief description of the mediation analysis techniques used in the R mediation would also 
improve the paper. 
 

○

A description of the mediation analysis has been provided in the methods section as copied 
below. 
Multilevel models, with cluster as the random effect, intervention allocation arm as the fixed 
effect and age at 3-year assessment and gender as confounders were generated between 
[1] exposure and outcome, [2] exposure and mediator, and [3] exposure and outcome 
adjusted for the mediator. Effect estimates were compared between models [1] and [3]. 
Causal mediation was determined using the ‘mediate’ function within the mediate package 
on models [2] and [3]. Results were tabulated to report the average causal mediated effect 
(ACME), the average direct (ADE), the total effect, and the proportion of effect that is 
mediated, along with their respective p-values. 
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Figure 4’s caption should be expanded slightly to improve its clarity. This could include 
another line describing how increasing hair cortisol was associated with worse growth and 
DEEP-Z score. 
 

○

The legend for Fig. 4 has been updated as suggested: 
Fig. 4: Relationship between hair cortisol concentration measured at 12 months and 
growth and development measured at 3 years. 
The predicted mean (95% CI) outcome scores were computed from mixed-effects linear 
regression models adjusted for gender and age at 36-month assessment. The mean 
predicted HAZ (blue), WAZ (red), and DEEP z-score (grey) with 95% CI (shaded area) is 
plotted against the mean and ± 2SD of log hair cortisol levels in the sample. Increasing hair 
cortisol concentration was associated with worse growth (both HAZ and WAZ) and DEEP z-
score (measure of cognitive abilities).  
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