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ABSTRACT
Objectives We assessed social inequalities in child 
mental health problems (MHPs) and how they are 
mediated by perinatal factors, childhood illness and 
maternal mental health in two national birth cohorts.
Design Longitudinal cohort study
Setting We used data from the UK Millennium Cohort 
Study and the Danish National Birth Cohort.
Primary and secondary outcome measures We applied 
causal mediation analysis to longitudinal cohort data. 
Socioeconomic conditions (SECs) at birth were measured 
by maternal education. Our outcome was child MHPs 
measured by the Strength and Difficulty Questionnaire 
at age 11. We estimated natural direct, indirect and 
total effects (TEs) of SECs on MHPs. We calculated the 
proportion mediated (PM) via three blocks of mediators—
perinatal factors (smoking/alcohol use during pregnancy, 
birth weight and gestational age), childhood illness and 
maternal mental health.
Results At age 11 years, 9% of children in the UK and 
3.8% in Denmark had MHPs. Compared with high SECs, 
children in low SECs had a higher risk of MHPs (relative 
risk (RR)=4.3, 95% CI 3.3 to 5.5 in the UK, n=13 112; and 
RR=6.2, 95% CI 4.9 to 7.8 in Denmark, n=35 764). In the 
UK, perinatal factors mediated 10.2% (95% CI 4.5 to 15.9) 
of the TE, and adding maternal mental health tripled the 
PM to 32.2% (95% CI 25.4 to 39.1). In Denmark, perinatal 
factors mediated 16.5% (95% CI 11.9 to 21.1) of the TE, 
and including maternal mental health increased the PM 
to 16.9% (95% CI 11.2 to 22.6). Adding childhood illness 
made little difference in either country.
Conclusion Social inequalities in child mental health 
are partially explained by perinatal factors in the UK and 
Denmark. Maternal mental health partially explained 
inequalities in the UK but not in Denmark.

INTRODUCTION
Child and adolescent mental health prob-
lems (MHPs) constitute a substantial disease 
burden1 affecting 10% to 20% of adolescents 
globally,2 with around half of all lifetime cases 
of mental health disorders emerging by age 
14.3 Few studies have compared the social 

distribution and prevalence of MHPs across 
countries. One study from 2008 showed 
significant variation in MHPs across Euro-
pean countries, and on the basis of socio-
economic status, with the highest prevalence 
reported in the UK.4 In the UK, according to 
the most recent longitudinal population- level 
data, child MHPs are increasingly common. 
One in eight children aged 10 to 15 years 
reported socioemotional behavioural prob-
lems from 2011 to 2012, compared with one 
in 10 in 2004.5 According to some studies, 
Scandinavian countries like Denmark have 
also experienced an increase in incidence of 
child MHPs.6

There are clear social inequalities in child 
and adolescent MHPs on the basis of child-
hood socioeconomic conditions (SECs), as 
commonly measured by parental education, 
income or occupation. A systematic review 
of studies of the association between child-
hood SECs and child MHPs found that chil-
dren growing up in disadvantaged childhood 
SECs were two to three times more likely to 
develop MHPs than their more advantaged 
peers, across studies in 23 countries.7 Social 
inequalities in MHPs are evident early in life8 
and track strongly to adulthood.9

Strengths and limitations of this study

 ► We used two large contemporary cohorts in Europe 
with a wide range of information collected.

 ► Modern methods of causal mediation analysis were 
used to assess mediation by the putative mediators.

 ► One of the major limitations was that analysis could 
only be carried out in a harmonised manner across 
the two birth cohorts.

 ► As with most of the longitudinal cohort studies, 
missing data is inevitable and hence a challenge for 
analysis.
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Few studies have assessed mediating pathways by which 
childhood SECs influence the risk of MHPs during late 
childhood/early adolescence.7 10 There are many poten-
tial pathways, whereby children growing up in more 
disadvantaged SECs are more exposed or vulnerable to 
risk factors for subsequent MHPs. Studies have shown 
that infants born with low birth weight have a higher 
risk of MHPs in young adulthood,11 and birth weight 
is highly socially patterned.12 13 Moreover, maternal 
smoking during pregnancy, also a socially patterned risk 
factor, may be associated with higher risk of conduct 
problems in children.14 Social disadvantage is associated 
with greater stress in parents and subsequent parental 
MHPs, impacting caregiving behaviours and quality.15 In 
addition, risk factors intrinsic to the child such as chronic 
childhood illness are more common in children growing 
up in disadvantaged SECs, and may impact on subsequent 
risk of MHPs.16

Mäntymaa and colleagues categorise risk factors for 
child psychopathology as risks in the child, the parents 
and the social context.17 Using this framework, we previ-
ously showed the importance of early years mediators in 
the UK, particularly perinatal factors, such as birth weight 
and gestational age, and family factors such as maternal 
MHPs.10 Building on these findings, we aimed to compare 
causal pathways to inequalities in child MHPs in the UK 
and Denmark. We hypothesised that children growing 
up in more disadvantaged SECs are at increased risk of 
MHPs due to increased exposure to perinatal, maternal 
and child level risk factors. We further hypothesised that 
these pathways may differ across country contexts. In 
order to identify modifiable policy entry points to reduce 
inequalities in MHPs, we therefore compare pathways to 
MHPs in late childhood/early adolescence in two rich 
birth cohorts in the UK and Denmark.

METHODS
Study population
The Millennium Cohort Study (MCS) is a large nation-
ally representative cohort of children born in the UK 
between September 2000 and January 2002 who have 
been followed up through six survey waves, when aged 9 
months, and 3, 5, 7, 11 and 14 years.18 The MCS initially 
recruited 19 244 families, of which 13 112 participated in 
follow- up at age 11. The Danish National Birth Cohort 
(DNBC) is a population- based cohort study. Between 1996 
and 2002, 100 415 pregnant women, representing 30% 
of all pregnancies in Denmark during that period, were 
recruited at the first antenatal care visit with their general 
practitioner.19 These pregnancies resulted in 96 853 live 
births out of which 35 764 participated in follow- up at age 
11 (online supplemental figure 1).

Exposure
Our primary exposure of interest was highest qualifica-
tion attained by the mother at the time of their child’s 
birth. This is a common measure of childhood SECs used 

in social epidemiological studies20 and previous cross 
cohort comparisons of UK and Danish populations.21 
Details on how this measure was recorded are in the 
online supplemental appendix. We scaled the educa-
tion measure in each country in order to derive the rela-
tive index of inequality in our models (RII).22 The RII 
compares the risk of MHPs between children of highest 
and lowest SECs, taking into account the distribution of 
education level in the study population by ranking the 
maternal education groups from high to low and allo-
cating a score (ranging from 0 to 1) that represents the 
midpoint of the category’s range in the cumulative distri-
bution (online supplemental appendix). We used this 
score as a continuous exposure variable in our regression 
model. The exponentiated coefficient gives a relative risk 
(RR), comparing children with highest and lowest SECs 
at birth.22

Outcome
The main outcome of interest was MHPs measured at 
age 11, the longest follow- up that is currently captured 
in both cohorts, using the Strengths and Difficulties 
Questionnaire (SDQ) based on maternal report (online 
supplemental appendix). The SDQ has been shown to 
be a reliable screening instrument for emotional and 
behavioural problems in school- age children,23 and has 
good internal consistency.15 We used the well- established 
UK cut- offs for MCS, that is, 0 to 16 indicates normal to 
borderline behaviour and 17 to 40 indicates MHPs.24 For 
DNBC, the cut- offs were: ≥17 for boys and ≥15 for girls 
indicating MHPs.25

Potential mediators
In our previous study, we identified a range of childhood 
risk factors that potentially explain the social inequalities 
in adolescent mental health.10 We mapped these poten-
tial mediators to those available at similar time points 
across both cohorts. These are shown in table 1, grouped 
into three categories: perinatal factors, childhood illness 
and maternal mental health.

Covariates
Confounders were chosen on the basis of common 
causes of exposure (maternal education), mediators and 
outcome (MHPs at age 11 years).26 Previous history of 
maternal MHPs and maternal age were considered to 
be confounders (online supplemental figure 2) (online 
supplemental appendix). We also adjusted for sex in our 
models.

Statistical analysis
We undertook causal mediation analysis under the coun-
terfactual framework to partition the total effect (TE) 
of maternal education on MHPs at age 11 years acting 
through the proposed mediators (natural indirect effect 
(NIE)) and through mechanisms that bypass the putative 
mediators (natural direct effect (NDE)) (online supple-
mental appendix).
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Our understanding of the temporal sequence of medi-
ators9 and the timing of measurement led us to choose 
a sequential approach to causal mediation analysis. We 
used logistic regression adjusted for maternal mental 
health before and during pregnancy and maternal age. 
We built three models (online supplemental appendix 
figure 1). Model 1 estimated the NIE through peri-
natal factors, including paths that operate through the 
downstream causal descendants of perinatal factors, but 
excluding the paths operating directly through child-
hood illness and/or maternal mental health at age 7 
years. Model 2 estimated the NIE through both perinatal 
factors and childhood illness at age 7 years and their 
causal descendants but excluded the paths operating 
through maternal mental health at age 7 years. Model 3 
estimated the NIE through perinatal factors, childhood 
illness and maternal mental health at age 7 years, encom-
passing all possible pathways but excluding the NDE from 

maternal education to mental health at age 11 years. We 
estimated the RR and 95% CI for the NDE, NIE and TE 
sequentially, using the medflex package in R (V.3.5.1),27 
which parameterises the path- specific effects of interest in 
the presence of multiple mediators, taking into account 
potential interactions between the variables included in 
the mediating blocks.27 We also estimated the proportion 
mediated (PM) in each model using the formula28 :

 
RRNDE

(
RRNIE−1

)
(
RRNDE×RRNIE−1

)
  

The 95% CI for the PM were calculated using non- 
parametric bootstrapping for 1000 iterations. For the 
mediation analysis to have a causal interpretation, we 
assume no exposure- mediator interaction, that adjust-
ment for confounding between exposure- mediator, medi-
ator outcome and exposure outcome has been addressed, 
and that there is no post- treatment confounding.28 In 

Table 1 Description of mediator variables

Variables

Description

DNBC MCS

Perinatal factors

  Smoking in pregnancy Mothers were asked at, on average, 16 to 17 weeks 
of gestational age whether they smoked during 
pregnancy (yes/no)

Mothers were asked when the child was 9 months 
old whether they smoked before pregnancy (yes/no), 
and whether they changed after becoming pregnant 
(yes/no). Those who did not give up smoking during 
pregnancy were considered having smoked during 
pregnancy

  Alcohol use in 
pregnancy

Mothers were asked at, on average, 16 to 17 weeks 
of gestational age about the number of units of 
alcoholic beverage namely beer, wine and spirit, 
that the mothers drank per week. Amount of alcohol 
consumption was categorised as: (1) did not drink 
alcohol during pregnancy; (2) light drinker: one to 
two units per week; (3) moderate drinker: three to six 
units per week; and (4) heavy drinker: seven units or 
more.41 However, only a few observations falls into 
the category of heavy drinker (n<10); we collapsed 
the heavy drinker category into moderate drinker. A 
unit of alcohol was defined as one bottle of beer, one 
glass of wine, or one glass of spirits (about 4 cL), 
each of which corresponds to about 12 g of alcohol42

Mothers were asked when the child was 9 months 
old if they drank alcohol during pregnancy, the 
number of units they consumed per week. Amount of 
alcohol consumption was categorised as: (1) did not 
drink alcohol during pregnancy; (2) light drinker: one 
to two units per week; (3) moderate drinker: three 
to six units per week; and (4) heavy drinker: seven 
units or more.41 The heavy drinker category was 
collapsed into moderate drinker category as some 
cells only had small number of observations (n~10) 
when cross- tabulated with maternal education. A unit 
of alcohol was defined as approximately half a pint 
of beer or one glass of wine, which is around 10 g of 
alcohol43

  Birth weight Data on birth weight in grams were obtained by 
data linkage to the Danish medical birth registry of 
Denmark

Mothers were asked when the child was 9 months 
old about the birth weight of their child, in kilograms 
or pounds. Birth weights were then converted to 
grams for analysis

  Gestational age Data on gestational age in days were obtained by 
data linkage to the Danish medical birth registry of 
Denmark

Gestational age in days was calculated on the basis 
of the mother’s report of her expected due date44

  Childhood illness at 
age 7 years

Mothers were asked whether the child had any 
handicap or chronic illness (yes/no)

Mothers were asked whether the child had any 
longstanding illness/disability/infirmity (yes/no)

  Maternal mental 
health at age 7 years

Mothers were asked whether she had a psychiatric 
illness/bad nerve since birth (yes/no)

Maternal psychological distress was assessed using 
Kessler-6 scale,45 asking whether in the last month 
how often respondents felt depressed, hopeless, 
restless or fidgety, worthless or that everything was 
an effort. Validated cut- off scores were used: normal 
(0 to 5); distress (6 to 24)

DNBC, Danish National Birth Cohort; MCS, Millennium Cohort Study.
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both cohorts, we used multiple imputation to handle 
missing data (online supplemental appendix).

Robustness tests
To test the robustness of our findings, we conducted 
sensitivity analyses. First, we repeated the analysis on the 
absolute risk scale using a linear probability model. The 
estimates derived from this model give the risk difference 
across extremes of the maternal education gradient (also 
interpretable as the slope index of inequality). Second, 
we checked for the presence exposure- mediator interac-
tion by repeating Model 3, this time allowing for all two- 
way interactions between maternal education and the 
mediators in the model. We used a likelihood ratio test to 
examine if the model with interactions between maternal 
education and all mediators provided the better fit. 
Third, we undertook complete case analysis for those with 
complete observations for exposure, outcome, mediators 
and covariates. Fourth, we repeated the MCS analysis 
applying survey weights to account for sampling design 
and attrition (online supplemental appendix). Fifth, we 
repeated analyses using alternative measures of maternal 
mental health conditions at child age 7 years. The MCS 
questionnaire asked mothers whether they were ever 
diagnosed with depression or anxiety. We only consid-
ered the reported diagnoses after childbirth. In DNBC, 
we linked mothers’ Det Centrale Personregister (CPR) 
number to hospital records via Statistics Denmark for any 
hospital contact for psychiatric illness since the child’s 
birth. Finally, we conducted a bias analysis for unmea-
sured confounding, which assessed the sensitivity of the 
results to unmeasured confounding of the mediator- 
outcome association using Vanderweele’s bias formula 
(online supplemental appendix).29

Patient and public involvement
Patients and the public were not involved in this research.

RESULTS
Baseline characteristics
At age 11 years, 9% of children had MHPs in the UK, 
compared with 3.7% in Denmark (table 2). In both 
cohorts, mothers with lower education were more likely 
to be younger, have worse mental health, have smoked 
or consumed alcohol during pregnancy and have worse 
mental health when the child was 7 years old. Also, in both 
cohorts, children of mothers with lower education were 
more likely to have lower birth weight, shorter gestational 
age and longstanding illness at age 7 years (figure 1).

Causal mediation analysis
In both cohorts, lower maternal education was associated 
with worse mental health at age 11. The TE of maternal 
education on MHPs (a RR comparing children with the 
highest and lowest SECs interpretable as the RII) for MCS 
children was 4.28 (95%CI 3.30 to 5.54) and for DNBC 
the TE was 6.21 (95%CI 4.94 to 7.80). In MCS, perinatal 

Table 2 Baseline characteristics of cohort participants in 
the UK MCS in wave 5 (age 11 years) and the DNBC at age 
11 years

MCS

n (%) for categorical variables or mean (SD) for continuous 
variables

Characteristics

n 13 112

Maternal education

  Higher degree 467 (3.8)

  First degree 1834 (14.9)

  Diplomas in higher education 1123 (9.1)

  A/AS/S levels 1266 (10.3)

  GCSE grades A to C 4197 (34.2)

  GCSE grades D to G 1285 (10.5)

  None 2103 (17.1)

Maternal mental health problem history 3116 (24.7)

Boys 6390 (50.5)

Maternal age (years) (SD) 29.53 (5.9)

Socioemotional behavioural problem 1130 (9.0)

(SDQ score ≥17)

Birth weight (kg) (SD) 3.37 (0.58)

Maternal smoking during pregnancy 1867 (14.8)

Alcohol drinking during pregnancy

  Never 11 505 (91.0)

  1 to 2 units per week 557 (4.4)

  ≥3 units per week 580 (4.6)

Gestational age (days) (SD) 276.20 (13.5)

Child’s longstanding illness at age 7 years 2195 (18.5)

Maternal mental health problem at child 
age 7 years

2083 (18.9)

(Kessler-6 score ≥6)

DNBC

n (%) for categorical variables or mean (SD) for continuous 
variables

Characteristics

n 35 764

Maternal education

  Masters or above 3851 (10.8)

  Bachelor or equivalent 10 789 (30.3)

  Short cycle tertiary 2074 (5.8)

  Upper secondary 15 948 (44.7)

  Lower secondary or lower 2992 (8.4)

Maternal mental health problem history 2290 (6.7)

Boys 17 920 (50.1)

Maternal age (years) (SD) 30.36 (4.2)

Continued
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factors mediated 10.17% of the TE (95% CI 4.47 to 15.87) 
(table 3). Adding childhood illness at 7 years in the model 
yielded little change to the PM (11.53%, 95% CI 5.20 to 
17.86). However, adding maternal mental health at age 
7 years almost tripled the PM (32.31%, 95% CI 25.37 to 
39.06). In DNBC, perinatal factors mediated 16.47% of 
the TE (95% CI 11.88 to 21.06). As in the MCS, adding 
childhood illness at age 7 years did not substantially affect 
the PM (15.59%, 95% CI 9.86 to 21.31). Unlike in the 

MCS, adding maternal mental health at age 7 years made 
little difference to the PM (16.91%, 95% CI 11.17% to 
22.64%; RRNIE 1.16; 95% CI 1.10 to 1.23).

Robustness tests
First, the analysis using the absolute risk scale showed 
a larger TE of maternal education on MHPs in the UK 
(10 percentage points, 95% CI 7 to 13) compared with 
Denmark (6 percentage points, 95% CI 5 to 7) (online 
supplemental table 1). The pattern of mediation on the 
absolute scale was similar to that on the relative scale. 
Second, models with all two- way interaction terms did 
not have a better fit in either cohort (likelihood ratio 
test p value >0.05). Third, repeating the analysis using 
complete cases showed similar patterns of mediation as in 
the main analysis (online supplemental table 2). Fourth, 
applying survey weights in the MCS data also yielded 
similar patterns of mediation, though estimates were 
slightly attenuated (online supplemental table 3). Fifth, 
we used alternative measures of maternal mental health 
at age 7 years in both cohorts. In MCS, using maternal 
reported ‘ever diagnosis of depression’ led to a reduced 
PM in Model 3 (11.19%, 95%CI 4.82 to 17.56). In DNBC, 
using any psychiatric diagnosis as captured in the popu-
lation registry did not alter the results (online supple-
mental table 4). Finally, the bias analysis showed that the 
estimated NIEs were robust to the presence of moderate 
unmeasured confounding (online supplemental table 5).

DNBC

Socioemotional behavioural problem 1375 (3.8)

(SDQ score ≥17)

Birth weight (kg) (SD) 3.57 (0.6)

Maternal smoking during pregnancy 7193 (20.9)

Alcohol drinking during pregnancy

  Never 25 525 (74.2)

  1 to 2 units per week 7875 (22.9)

  ≥3 units per week 980 (2.9)

Gestational age (days) (SD) 279.15 (12.8)

Child’s longstanding illness at age 7 years 2114 (6.0)

Maternal mental health problem at child 
age 7 years

4736 (13.6)

(Kessler-6 score ≥6)

DNBC, Danish National Birth Cohort ; GCSE, General Certificate 
of Secondary Education; MCS, Millennium Cohort Study; SDQ, 
Strengths and Difficulties Questionnaire.

Table 2 Continued

Figure 1 Socioeconomic gradient of baseline characteristics in the UK MCS and the DNBC. DNBC, Danish National Birth 
Cohort; MCS, Millennium Cohort Study.
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DISCUSSION
Using national birth cohort data from two countries, our 
study shows that children in the UK have higher preva-
lence of MHPs at age 11 years compared with children in 
Denmark. Relative inequalities were stark in both coun-
tries, with roughly four times and six times higher risk for 
children at bottom of SECs scale compared with the top, 
in the UK and Denmark, respectively. Absolute inequali-
ties were larger in the UK. Perinatal factors explained 10% 
of the social inequality in the UK and 16% in Denmark. 
By contrast, maternal mental health was an important 
mediator only in the UK in our primary analysis, with the 
final model explaining 32% of the relative inequality at 
age 11 years.

Comparison with other studies
In this study, we found that in the UK sample, by age 
11 years, around 9% of children had MHPs, whereas in 
Denmark the figure was around 3.7%. These findings 
broadly correspond with recent findings that one in 10 
UK children aged 5 to 15 years of age has MHPs.30 While 
we lack contemporary comparative data on child mental 
health, our findings corroborate the Kidscreen study 
from 2008, which examined 15 945 adolescents across 13 
European countries using adolescent self- reported SDQ. 
The authors found that the UK had the worst adoles-
cent mental health, with the largest effect size for the 

association of low SECs on SDQ score. The study did not 
include Denmark, but the low prevalence of MHPs in 
DNBC are comparable to findings for Germany (2.9%) 
and Switzerland (3.6%).4

Our results show clear social inequalities in MHPs in 
adolescents in both the UK and Denmark. This finding 
is corroborated by numerous previous studies, which 
showed a socioeconomic gradient of MHPs in children/
adolescents in various settings.7 Relative inequalities were 
similar in both countries, with a greater point estimate 
in Denmark. However, relative inequalities can increase 
when the overall prevalence in the population is low,31 as 
is the case for MHPs in Denmark. On the absolute scale, 
inequalities were larger in the UK, with a 10 percentage 
point difference across the maternal education hierarchy, 
compared with 6 percentage points in Denmark.

Our study showed that perinatal factors (smoking 
and alcohol use in pregnancy, gestational age and birth 
weight) explained around 10% of the socioeconomic 
gradient of MHPs in late childhood/early adolescence. 
Both maternal smoking and alcohol use during pregnancy 
are socially patterned and are associated with children’s 
subsequent risk of conduct problems in childhood and 
adolescence, with some evidence that these associations 
may be causal.14 32 A substantial proportion of women 
smoke during pregnancy in the UK and Denmark33 with 

Table 3 Estimates from causal mediation analysis for the association of maternal education and socioemotional behavioural 
problems at age 11 years in the UK MCS and the DNBC

Mediator Effect RR 95% CI PM 95% CI

MCS

  Perinatal factors Natural direct effect 3.95 3.05 to 5.12 10.17 4.47 to 15.87

  Perinatal factors Natural indirect effect 1.08 1.03 to 1.14 . .

  Perinatal factors Total effect 4.28 3.30 to 5.54 . .

  +Childhood illness at age 7 years Natural direct effect 3.89 3.01 to 5.04 11.53 5.20 to 17.86

  +Childhood illness at age 7 years Natural indirect effect 1.09 1.04 to 1.16 . .

  +Childhood illness at age 7 years Total effect 4.28 3.30 to 5.54 . .

  +Maternal mental health at age 7 years Natural direct effect 3.15 2.44 to 4.06 32.21 25.37 to 39.06

  +Maternal mental health at age 7 years Natural indirect effect 1.33 1.23 to 1.44 . .

  +Maternal mental health at age 7 years Total effect 4.28 3.30 to 5.54 . .

DNBC

  Perinatal factors Natural direct effect 5.26 4.16 to 6.64 16.47 11.88 to 21.06

  Perinatal factors Natural indirect effect 1.16 1.11 to 1.21 . .

  Perinatal factors Total effect 6.21 4.94 to 7.80 . .

  +Childhood illness at age 7 years Natural direct effect 5.25 4.17 to 6.61 15.59 9.86 to 21.31

  +Childhood illness at age 7 years Natural indirect effect 1.15 1.09 to 1.21 . .

  +Childhood illness at age 7 years Total effect 6.21 4.94 to 7.80 . .

  +Maternal mental health at age 7 years Natural direct effect 5.19 4.12 to 6.53 16.91 11.17 to 22.64

  +Maternal mental health at age 7 years Natural indirect effect 1.16 1.10 to 1.23 . .

  +Maternal mental health at age 7 years Total effect 6.21 4.94 to 7.80 . .

.DNBC, Danish National Birth Cohort; MCS, Millennium Cohort Study; PM, proportion mediated; RR, relative risk.
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smoking more prevalent among socially disadvantaged 
women.34 35 There are also clear inequalities in low birth 
weight and preterm delivery, which are associated with 
increased risk for childhood MHPs, potentially as a result 
of insults to early brain development.9

Children with chronic physical illnesses have greater 
vulnerability to psychosocial problems: they usually have 
less perceived control over the progression of the relevant 
disease, and are more anxious about symptom onset, peer 
rejection and the restriction of daily activities.36 However, 
in our analysis, adding childhood illness at age 7 years did 
not explain a substantial difference in inequalities, over 
and above those explained by our perinatal risk factor 
variables. A possible explanation is that causal pathways 
from childhood illness to MHPs at age 11 years might 
have descended from perinatal factors. It is also possible 
that previous evidence of the association of childhood 
illness and MHPs might have reflected underlying unad-
justed confounding by SECs.

Maternal mental health measured up to age 7 years 
appeared to be an important mediator in the UK, but not 
Denmark. Maternal mental health is a well- established risk 
factor for child MHPs and has been identified as a medi-
ator of the association between SECs and child mental 
health outcomes in a number of previous studies.15 In 
another UK birth cohort, ALSPAC (Avon Longitudinal 
Study of Parents and Children), MHPs showed an inter-
generational pattern, that is, poor mental health could 
be transmitted from mothers to children.37 The lack of 
mediation by maternal mental health in DNBC could 
reflect true underlying differences between contexts, and 
the observed social gradient in maternal MHPs is much 
shallower in Denmark compared with the UK (figure 1). 
However, it is possible that the Kessler-6 scale used in the 
MCS and the ever- diagnosed psychiatric illness question 
used in DNBC capture different constructs. The Kessler-6 
scale captures maternal mental health in the 30 days 
prior to the questionnaire being administered, whereas 
the ever- diagnosed question used in MCS captures any 
psychiatric illness history experienced by the mother. The 
Kessler-6 scale also captures other dimensions of mental 
health other than feeling depressed, including hope-
lessness, restlessness, fidgety, worthlessness and whether 
everything was an effort. Repeating the MCS analysis 
with an alternative measure of maternal reported mental 
reduced the PM. Future studies with more comparable 
mediator data could explore this finding further.

Strengths and limitations
One of the key strengths of our study is the use of two 
large contemporary cohorts in Europe. A wide range 
of information was collected in these cohorts, allowing 
harmonisation of variables of interest, and an examina-
tion of whether mediating mechanisms were consistent 
across settings. Also, as suggested by Goodman and 
colleagues, we also applied country- specific cut- offs for 
SDQ total difficulty scores to improve the validity of cross- 
country comparisons.38

However, this study also has some limitations. First, as 
outlined above with regard to maternal mental health, 
differences in, and availability of, variables in our respec-
tive cohorts, limited the extent to which we could explore 
potential mediating pathways in a harmonised manner 
across both cohorts. For example, it is plausible that 
childhood SECs might influence mental health outcomes 
in late childhood/early adolescence via quality of family 
relationships or parenting style, which is measured in the 
MCS but not in the DNBC. Furthermore, data about poten-
tially mediating childhood adversities such as domestic 
violence, sexual abuse and parental criminality were not 
available for inclusion in our analysis. Second, although 
we used modern methods for causal mediation analysis, 
and adjusted for a range of potential confounders, the 
assumption of complete adjustment of confounding is 
still required for causal interpretation of our estimates 
(online supplemental appendix). However, our bias anal-
ysis showed that our results are robust to presence of 
unmeasured confounding of moderate strength. Third, 
missing data is a limitation for many longitudinal studies. 
Nevertheless, sensitivity analysis comparing imputed and 
complete case analyses showed similar results. Finally, it 
is possible that children with mentally distressed mothers 
might report their children’s mental health more nega-
tively.39 As a consequence, the measured indirect effect 
for maternal mental health might have been inflated in 
this study.40

Implications for policy
The risk of child MHPs is much greater for disadvantaged 
children in both the UK and Denmark. Our findings 
suggest that public health programmes address perinatal 
risk factors and that support to optimal maternal mental 
health may reduce inequalities in child MHPs. In addi-
tion, given the unexplained residual inequality, to reduce 
MHPs in childhood, policy action is needed to address 
the upstream determinants of child mental health, with a 
focus on reducing socioeconomic inequalities.
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Supplementary Table 1: Estimates from causal mediation analysis for the 
association of maternal education and socioemotional behavioural problems 
at age 11 in the UK Millennium Cohort Study and the Danish National Birth 
Cohort (using risk difference scale) 

MCS      

Mediator Effect RD 95%CI PM 95%CI 

Perinatal factors Natural direct effect 0.10 0.07 to 0.12 7.49 2.16 to 14.02 

Perinatal factors Natural indirect effect 0.01 0.00 to 0.01 . . 

Perinatal factors Total effect 0.10 0.07 to 0.13 . . 

+ Childhood illness at age 7 Natural direct effect 0.09 0.06 to 0.12 8.89 2.75 to 15.55 

+ Childhood illness at age 7 Natural indirect effect 0.01 0.00 to 0.02 . . 

+ Childhood illness at age 7 Total effect 0.10 0.07 to 0.13 . . 

+ Maternal mental health at age 7 Natural direct effect 0.08 0.05 to 0.11 22.13 14.93 to 29.82 

+ Maternal mental health at age 7 Natural indirect effect 0.02 0.01 to 0.03 . . 

+ Maternal mental health at age 7 Total effect 0.10 0.07 to 0.13 . . 

      

DNBC      

Mediator Effect RD 95%CI PM 95%CI 

Perinatal factors Natural direct effect 0.06 0.05 to 0.07 10.52 7.86 to 13.50 

Perinatal factors Natural indirect effect 0.01 0.00 to 0.01 . . 

Perinatal factors Total effect 0.06 0.05 to 0.07 . . 

+ Childhood illness at age 7 Natural direct effect 0.06 0.05 to 0.07 9.78 6.38 to 13.17 

+ Childhood illness at age 7 Natural indirect effect 0.01 0.00 to 0.01 . . 

+ Childhood illness at age 7 Total effect 0.06 0.05 to 0.07 . . 

+ Maternal mental health at age 7 Natural direct effect 0.06 0.05 to 0.07 10.46 6.99 to 13.89 

+ Maternal mental health at age 7 Natural indirect effect 0.01 0.00 to 0.01 . . 

+ Maternal mental health at age 7 Total effect 0.06 0.05 to 0.07 . . 

In this table we present the results after repeating the main analysis on the risk difference scale using 
logistic regression with identity link function. This supplements the main analysis presented in the 
paper which is on the relative scale (Table 3). The results corroborate those of our main analysis. 
Abbreviations: MCS = Millennium Cohort Study; DNBC = Danish National Birth Cohort; RD = risk 
difference; CI = confidence interval; PM = proportion mediated 

  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) BMJ Open

 doi: 10.1136/bmjopen-2020-040056:e040056. 10 2020;BMJ Open, et al. Lai ETC



Supplementary Table 2: Estimates from causal mediation analysis for the 
association of maternal education and socioemotional behavioural problems 
at age 11 in the UK Millennium Cohort Study and the Danish National Birth 
Cohort (complete case analysis) 

MCS      

Mediator Effect RR 95%CI PM 95%CI 

Perinatal factors Natural direct effect 3.43 1.64 to 7.20 . . 

Perinatal factors Natural indirect effect 1.10 0.99 to 1.22 . . 

Perinatal factors Total effect 3.80 2.61 to 5.55 . . 

+ Childhood illness at age 7 Natural direct effect 3.35 1.55 to 7.23 . . 

+ Childhood illness at age 7 Natural indirect effect 1.11 1.00 to 1.23 . . 

+ Childhood illness at age 7 Total effect 3.80 2.61 to 5.55 . . 

+ Maternal mental health at age 7 Natural direct effect 2.77 1.28 to 5.99  52.83 45.25 to 59.62 

+ Maternal mental health at age 7 Natural indirect effect 1.33 1.17 to 1.52 . . 

+ Maternal mental health at age 7 Total effect 3.80 2.61 to 5.55 . . 

      

DNBC      

Mediator Effect RR 95%CI PM 95%CI 

Perinatal factors Natural direct effect 5.10 3.89 to 6.44 16.35 11.85 to 22.26 

Perinatal factors Natural indirect effect 1.16 1.11 to 1.21 . . 

Perinatal factors Total effect 5.91 4.64 to 7.56 . . 

+ Childhood illness at age 7 Natural direct effect 5.02 3.92 to 6.43 15.04 9.93 to 20.51 

+ Childhood illness at age 7 Natural indirect effect 1.14 1.08 to 1.21 . . 

+ Childhood illness at age 7 Total effect 5.91 4.64 to 7.56 . . 

+ Maternal mental health at age 7 Natural direct effect 4.98 3.88 to 6.38 16.17 11.00 to 21.13 

+ Maternal mental health at age 7 Natural indirect effect 1.15 1.09 to 1.22 . . 

+ Maternal mental health at age 7 Total effect 5.91 4.64 to 7.56 . . 

In this table, we present results after repeating the main analysis using only cases with complete 
observation of exposure, mediators and outcome (n for MCS = 10,102; n for DNBC = 
32,889).Abbreviations: MCS = Millennium Cohort Study; DNBC = Danish National Birth Cohort; RR = 
relative risk; CI = confidence interval; PM = proportion mediated 
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Supplementary Table 3: Estimates from causal mediation analysis for the 
association of maternal education and socioemotional behavioural problems 
at age 11 in the UK Millennium Cohort (imputed dataset and with survey 
weights applied) 

MCS      

Mediator Effect RR 95%CI PM 95%CI 

Perinatal factors Natural direct effect 4.17 2.14 to 8.12 . . 

Perinatal factors Natural indirect effect 1.05 0.95 to 1.17 . . 

Perinatal factors Total effect 4.41 3.11 to 6.25 . . 

+ Childhood illness at age 7 Natural direct effect 4.07 2.10 to 7.88 . . 

+ Childhood illness at age 7 Natural indirect effect 1.06 0.96 to 1.18 . . 

+ Childhood illness at age 7 Total effect 4.41 3.11 to 6.25 . . 

+ Maternal mental health at age 7 Natural direct effect 3.30 1.74 to 6.26 32.62 25.49 to 39.76 

+ Maternal mental health at age 7 Natural indirect effect 1.28 1.13 to 1.47 . . 

+ Maternal mental health at age 7 Total effect 4.41 3.11 to 6.25 . . 

In this table, we present results after repeating the analysis with imputed MCS data using survey 
weights (see supplementary appendix for details) to account for survey design and non-reponse. 
Abbreviations: MCS = Millennium Cohort Study; RR = relative risk; CI = confidence interval; PM = 
proportion mediated 
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Supplementary Table 4: Estimates from causal mediation analysis for the 
association of maternal education and socioemotional behavioural problems 
at age 11 in the UK Millennium Cohort Study and the Danish National Birth 
Cohort (using medically diagnosed psychiatric disorder in mothers as a 
measure of maternal mental health at child age 7) 

MCS      

Mediator Effect RR 95%CI PM 95%CI 

Perinatal factors Natural direct effect 4.03 3.10 to 5.24 9.91 4.17 to 15.65 

Perinatal factors Natural indirect effect 1.08 1.03 to 1.14 . . 

Perinatal factors Total effect 4.36 3.35 to 5.66 . . 

+ Childhood illness at age 7 Natural direct effect 3.97 3.06 to 5.16 11.06 4.66 to 17.46 

+ Childhood illness at age 7 Natural indirect effect 1.09 1.03 to 1.16 . . 

+ Childhood illness at age 7 Total effect 4.36 3.35 to 5.66 . . 

+ Maternal mental health at age 7 Natural direct effect 3.97 3.06 to 5.15 11.19 4.82 to 17.56 

+ Maternal mental health at age 7 Natural indirect effect 1.09 1.03 to 1.16 . . 

+ Maternal mental health at age 7 Total effect 4.36 3.35 to 5.66 . . 

      

DNBC      

Mediator Effect RR 95%CI PM 95%CI 

Perinatal factors Natural direct effect 5.26 4.16 to 6.64 16.47 11.88 to 21.06 

Perinatal factors Natural indirect effect 1.16 1.11 to 1.21 . . 

Perinatal factors Total effect 6.21 4.94 to 7.80 . . 

+ Childhood illness at age 7 Natural direct effect 5.25 4.17 to 6.61 15.59 9.86 to 21.31 

+ Childhood illness at age 7 Natural indirect effect 1.15 1.09 to 1.21 . . 

+ Childhood illness at age 7 Total effect 6.21 4.94 to 7.80 . . 

+ Maternal mental health at age 7 Natural direct effect 5.10 4.05 to 6.41 18.30 12.57 to 24.02 

+ Maternal mental health at age 7 Natural indirect effect 1.18 1.11 to 1.25 . . 

+ Maternal mental health at age 7 Total effect 6.21 4.94 to 7.80 . . 

In this table, we present the results after repeating the analysis using medically diagnosed psychiatric 
disorder. In MCS, this information was reported by mothers in questionnaire; in the DNBC, maternal 
psychiatric disorder was identified from the Danish Psychiatric Central Register. Abbreviations: MCS 
= Millennium Cohort Study; DNBC = Danish National Birth Cohort; RR = relative risk; CI = confidence 
interval; PM = proportion mediated 
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Supplementary table 5: bias analysis for causal mediation analysis in the UK 
Millennium Cohort Study and the Danish National Birth Cohort 
 
MCS 

Natural direct effect (RR = 3.18) Natural indirect effect (RR = 1.33) 

Prevalence of binary 
unmeasured confounder (%) 

 Prevalence of binary 
unmeasured confounder (%) 

 

High 
maternal 
education 
(RII = 1) 

Low 
maternal 
education 
(RII = 0) 

Odds ratio required to 
explain away the 
observed effect* 

High 
maternal 
education 
(RII = 1) 

Low 
maternal 
education 
(RII = 0) 

Odds ratio required to 
explain away the 
observed effect 

5 5 . 5 5 . 

5 10 . 5 10 . 

5 20 54.17 5 20 . 

5 40 10.05 5 40 0.32 

5 60 5.94 5 60 0.56 

5 80 4.4 5 80 0.67 

10 5 . 10 5 10.85 

10 10 . 10 10 . 

10 20 . 10 20 . 

10 40 27.59 10 40 0.24 

10 60 8.73 10 60 0.53 

10 80 5.52 10 80 0.66 

20 5 . 20 5 3.47 

20 10 . 20 10 5.93 

20 20 . 20 20 . 

20 40 . 20 40 0.01 

20 60 . 20 60 0.45 

20 80 14.29 20 80 0.62 

40 5 . 40 5 1.99 

40 10 . 40 10 2.24 

40 20 . 40 20 3.46 

40 40 . 40 40 . 

40 60 . 40 60 0.17 

40 80 . 40 80 0.5 

60 5 . 60 5 1.62 

60 10 . 60 10 1.71 

60 20 . 60 20 1.99 

60 40 . 60 40 5.85 

60 60 . 60 60 . 

60 80 . 60 80 0.29 

80 5 0.13 80 5 1.45 

80 10 0.11 80 10 1.49 

80 20 0.07 80 20 1.62 

80 40 . 80 40 2.23 

80 60 . 80 60 166.00 
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80 80 . 80 80 . 

*Odds ratios ≤ 0 were not presented.  
 
DNBC 

Natural direct effect (RR = 5.19) Natural indirect effect (RR = 1.16) 

Prevalence of binary 
unmeasured confounder(%) 

 Prevalence of binary 
unmeasured confounder (%) 

 

High 
maternal 
education 
(RII = 1) 

Low 
maternal 
education 
(RII = 0) 

Odds ratio required to 
explain away the 
observed effect* 

High 
maternal 
education 
(RII = 1) 

Low 
maternal 
education 
(RII = 0) 

Odds ratio required to 
explain away the 
observed effect 

5 5 . 5 5 . 

5 10 . 5 10 . 

5 20 . 5 20 0.17 

5 40 26.16 5 40 0.63 

5 60 11.99 5 60 0.77 

5 80 8.03 5 80 0.83 

10 5 . 10 5 4.53 

10 10 . 10 10 . 

10 20 . 10 20 . 

10 40 . 10 40 0.58 

10 60 36.45 10 60 0.75 

10 80 13.58 10 80 0.82 

20 5 . 20 5 2.05 

20 10 . 20 10 2.76 

20 20 . 20 20 . 

20 40 . 20 40 0.42 

20 60 . 20 60 0.69 

20 80 . 20 80 0.79 

40 5 . 40 5 1.44 

40 10 . 40 10 1.53 

40 20 . 40 20 1.88 

40 40 . 40 40 . 

40 60 . 40 60 0.48 

40 80 . 40 80 0.71 

60 5 . 60 5 1.28 

60 10 . 60 10 1.31 

60 20 . 60 20 1.41 

60 40 . 60 40 2.07 

60 60 . 60 60 . 

60 80 . 60 80 0.53 

80 5 . 80 5 1.2 

80 10 . 80 10 1.22 

80 20 . 80 20 1.26 

80 40 . 80 40 1.44 

80 60 . 80 60 2.36 
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80 80 . 80 80 . 

*Odds ratios ≤ 0 were not presented.  
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Supplementary figure 1: Flow chart of the study 
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Supplementary figure 2 – Directed acyclic graph representing the current 
study. LBW: low birth weight, SDQ: Strengths and difficulties questionnaire 
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Supplementary appendix 
 
Methods 
Exposure 
Our primary exposure of interest was highest qualification attained by the mother 
around time of child's birth. Level of maternal educational qualifications is a common 
measure of childhood socioeconomic circumstances (SECs) in social 
epidemiological studies [1, 2], which captures the advantages of SECs that is 
conferred to a child. Details on how maternal education was collected are as follows: 
 
MCS: Mothers were asked when the child was 9 months of age in a questionnaire 
about the highest education qualification attained with the following choices: 1. 
Higher degree; 2. First degree; 3. Diplomas in higher education; 4. A/AS/S levels; 5. 
GCSE grades A-C; 6. GCSE grades D-G; 7. None of these qualifications.  
 
DNBC: By linking the cohort participants to the Integrated Database for Labour 
Market Research at Statistics Denmark with unique anonymised personal 
identification number (CPR number) [3], we were able to collect information on the 
individual level of education for almost all mothers in the cohort. We extracted level 
of maternal education at the year of the cohort child’s birth. It was originally 
categorised as: 1. Master or above; 2. Bachelor or equivalent; 3. Short cycle tertiary; 
4. Upper secondary; 5. Lower secondary or lower.  
 
We scaled the education measure in each country, in order to derive a measure of 
the relative index of inequality (RII) [4, 5]. The RII compares the risk of mental health 
problems between children of highest and lowest SECs, taking into account the 
distribution of education level in the study population, by ranking the maternal 
education groups from the highest to the lowest and allocating a score (ranging from 
0-1) that equals the midpoint of the category’s range in the cumulative distribution. 
For instance, if 24% of the mothers had highest education category, they would be 
allocated a score of 0.12, and if the next group of mothers constituted 42%, they 
would be allocated a score of 0.45 (0.24 + 0.42/2) etc. We used this score as a 
continuous exposure variable in our regression model. The exponentiated coefficient 
gives a relative risk (RR), comparing the children with the lowest SECs at child birth 
to those with the highest [4].  
 
Outcome 
The outcome of the current study is the symptoms of MHP at age 11 years as 
measured by the Strengths and Difficulties Questionnaire (SDQ) based on maternal 
report. The SDQ, a 25-item measure, asks parents to rate their child’s behaviour 
over the previous 6 months using five subscales, each with five items: peer 
problems, conduct disorders, hyperactivity, emotional problems, and prosocial 
behaviour. We excluded the prosocial score to calculate the total difficulty score. The 
full questionnaire was accessed online from www.sdqinfo.com. The SDQ is a widely 
validated screening tool to measure overall mental health. It has been implemented 
in community settings in many countries given its ease of usage [6]. 
 
Covariates 
Confounders were chosen on the basis of common causes of exposure (maternal 
education), mediators and outcome (socioemotional behaviours at age 11) or 
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potentially on the confounding pathway [7]. In this analysis we considered maternal 
mental health before and during pregnancy as a confounder. In MCS, this was 
assessed in the first wave of follow-up when the child was 9 months old. Mothers 
were asked whether “a doctor ever told you that you suffer from depression or 
serious anxiety”. We extracted those who reported mental illness to form a binary 
variable (yes/no). In DNBC, mothers were asked in an interview at on average 16-17 
weeks of gestation whether they have ever suffered from mental disorders/neurosis 
(yes/no). We also adjusted for maternal age as a confounder. 
 
Statistical analysis 
 
Causal mediation analysis 
 
Mediation analysis is used in this study to understand the extent to which the effect 
of SECs (maternal education) on mental health problems at age 11 years (SDQ total 
difficulty score) is due to the effect via the three blocks of putative mediators 
(perinatal factors, childhood illness and maternal mental health). The total effect from 
maternal education to mental health problems is partitioned into direct and indirect 
effects.  
 
The traditional approach to mediation analysis in the social sciences and 
epidemiology literature consists of building two regression models, one with and 
another without conditioning on the mediator. However, it is increasingly recognised 
that the traditional approach to mediation analysis is prone to biased estimates of 
direct and indirect effects, because (1) it assumes no exposure-mediator interaction, 
(2) cannot deal with non-linear relationships, and (3) makes strong assumptions 
about the absence of confounding [8]. We therefore used causal mediation analysis 
based on the potential outcome framework, which has the advantage over the 
traditional approach that it allows for decomposition of a total effect into a direct 
effect and an indirect effect even when there are interactions and non-linearities [9, 
10]. 
 
To aid interpretation of direct and indirect effects, we would like to introduce here the 
formal mathematical notations. We denote 𝑌𝑖(𝑥) as the potential outcome for subject 𝑖 that had been observed if, possibly contrary to the fact that, 𝑖 had been assigned to 
exposure level 𝑥. 𝑋 is denoted as the exposure of interest (with 𝑋 = 1 denoting low 
maternal education, 𝑋 = 0 denoting high maternal education). 𝑀 is denoted as the 
mediator. The population level average total causal effect (TE) can be expressed as  
 𝑇𝐸 =  𝔼{𝑌(1) − 𝑌(0)}. 
 
The natural direct effect (NDE) could be expressed as  
 𝑁𝐷𝐸(0) = 𝔼{𝑌(1, 𝑀(0) − 𝑌(0, 𝑀(0))}. 
 
This indicates the expected effect of the exposure on the outcome when keeping the 
mediator fixed at the value that would be naturally observed at the level of high 
maternal education (𝑋 = 0). This avoids a fixed value of mediator and allows it to 
vary within the population. The natural indirect effect could be expressed as: 
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𝑁𝐼𝐸(0) = 𝔼{𝑌(1, 𝑀(1)) −  𝑌(1, 𝑀(0))}. 
 
This indicates that expected difference in outcome if all subjects were exposed to 
low maternal education (𝑋 = 1) but their mediator value had changed to the value it 
would take if exposed to high maternal education. From these definitions, we could 
derive that the TE is indeed the sum of NDE and NIE.  
 
The adoption of the above counterfactual framework would naturally mean that one 
has to treat causal inference as a missing data problem, since for each subject 𝑖, 
only one counterfactual outcome, i.e. 𝑌𝑖 =  𝑌𝑖(𝑋𝑖 , 𝑀𝑖(𝑋𝑖)), is observed. As such, the 
identification of the natural effects above requires a set of strong causal assumptions 
as follows: (1) no unmeasured confounding between exposure (maternal education) 
and the outcome (mental health problem at age 11) conditional on a set of 
aforementioned covariates 𝐶; (2) no unmeasured confounding of the mediator-
outcome relationship (conditional on covariates 𝐶 and exposure 𝑋); (3) no 
unmeasured confounding of the exposure-mediator relationship (conditional on 
covariates 𝐶) and (4) no exposure-induced mediator-outcomes confounding 
(conditional on covariates 𝐶).  
 
The language of counterfactuals presented above enabled researchers to define 
causal effects in a more generic and non-parametric way. In practice, however, 
especially in the fields of social sciences and epidemiology, parametric linear models 
are usually employed. Pearl (2012) has proposed an influential mediation formula to 
accommodate any type of statistical model and subsequently has been adapted by 
different statistical packages [11]. Here, in this study,  we used natural effect models 
as implemented in the R package medflex [12], to conduct mediation analysis, given 
their flexibility in accommodating different link functions and types of variables and 
simultaneous modelling for NDE and NIE [13, 14]. For instance, in the case of this 
study, we fitted generalised linear models with logit link function as follows: 
 𝑙𝑜𝑔𝑖𝑡 𝔼{𝑌(𝑥, 𝑀(𝑥∗))|𝐶} =  𝛽0 + 𝛽1𝑥 + 𝛽2𝑥∗ + 𝛽3𝐶 

 
in which exp (𝛽1) captures the NDE risk ratio (𝑅𝑅𝑁𝐷𝐸) (where odds ratio 
approximates rate ratio in the case of rare outcomes) and exp (𝛽2) captures the 𝑅𝑅𝑁𝐼𝐸. Specifically, as mentioned above, the counterfactual framework has framed 
mediation analysis as a missing data problem, i.e. had an individual been exposed to 
one level of exposure, say 𝑋 = 0, his potential outcome for 𝑋 = 1 would never be 
observed. This is handled by fitting an outcome model and imputing the missing 
counterfactual outcome accordingly [14]. This was done by building a model for 𝑌 conditional on 𝐸, 𝑀, 𝐶. A new dataset was then created by replicating each 
observation in original dataset and including two additional exposure variables 𝑥 and 𝑥∗. The missing counterfactual 𝑌𝑖(𝑥, 𝑀𝑖(𝑥∗)) was then imputed as the expected value 𝔼(𝑌|𝑥 = 𝑋𝑖 , 𝑀 = 𝑀𝑖(𝑥𝑖∗), 𝐶). The natural effect model was then fitted by regressing 
the imputed outcome on 𝑥, 𝑥∗ and 𝐶.  
 
Recently the above framework of mediation analysis has been extended to assess 
mediation by multiple mediators. However, in the case when the mediators are 
known to affect one another, examining the NIE of each mediator separately is not 
an appropriate strategy if the goal is to partition the TE because certain pathways will 
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be counted twice (or more), and assumption (2) will be violated as both the second 
(and each of the subsequent) mediator and the outcome will be affected by the 
previous mediator [15]. Including that specific mediator will not remedy the situation 
either, as assumption (4) will still be violated [15]. Alternatively, the TE can be 
decomposed into the effects transmitted through multiple mediators simultaneously 
and the effects not mediated by any of the mediators [16]. In the case when we 
considered multiple mediators as a joint mediator (as per figure 2), assumption (4) 
could then be satisfied since on the causal diagram there is no effect of maternal 
education that confounds the relationship between the joint mediator and the mental 
health at age 11. Under the assumption that we have obtained a set of covariates 𝐶 
(and hence satisfying assumptions (1) to (3)) with respect to the joint mediator (the 3 
joint mediating blocks as per figure 2), and that there are no measured or 
unmeasured confounders of the mediator block-outcome association affected by the 
exposure, then the joint mediated effects and the corresponding direct effects could 
be estimated [12].  
 
Missing data 
Missing data is a problem common for long-running cohort studies. There were 
missing observations for the outcome, as well as for some of the baseline covariates 
and mediators. The following table detailed the missing variables in the two cohorts.  
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Table S1: Missing observations (%) for each variables used in the UK 
Millennium Cohort Study and the Danish National Birth Cohort 
Variables MCS 

(n=13112) 
DNBC 
(n=35764) 

Maternal education 6.38 0.31 

Mental health problems at age 11 years 4.03 0.00 

Birth weight 3.81 0.52 

Maternal smoking during pregnancy 3.58 3.91 

Maternal alcohol consumption during pregnancy 3.58 3.87 

Gestational age 4.72 0.00 

Childhood illness at age 7 years 9.44 0.98 

Maternal mental health at age 7 years 16.15 2.52 

Maternal mental health before and during pregnancy 3.68 3.94 

Sex 3.58 0.00 

Maternal age 3.58 0.03 

 
Table S2a - Comparison of cohort members with and without complete 
observations in the UK Millennium Cohort Study 
n(%) for categorical variables or  
mean(SD) for continuous variables 

Incomplete 
cases 

Complete 
cases 

p 

n 3010 10102 
 

Maternal education 
  

<0.001 

     Higher degree 53 (2.4) 414 (4.1) 
 

     First degree 159 (7.3) 1675 (16.6) 
 

     Diplomas in higher education 108 (5.0) 1015 (10.0) 
 

     A/AS/S levels 167 (7.7) 1099 (10.9) 
 

     GCSE grades A-C 606 (27.9) 3591 (35.5) 
 

     GCSE grades D-G 262 (12.1) 1023 (10.1) 
 

     None 818 (37.6) 1285 (12.7) 
 

Mental health problems at age 11 297 (12.0) 833 (8.2) <0.001 

Maternal mental health problem history 633 (25.0) 2483 (24.6) 0.65 

Boys 1329 (52.3) 5061 (50.1) 0.05 

Maternal age (mean (SD)) 28.23 (6.11) 29.85 (5.73) <0.001 

Birth weight (mean (SD)) 3.27 (0.61) 3.39 (0.57) <0.001 

Maternal smoking during pregnancy 370 (14.6) 1497 (14.8) 0.767 

Maternal alcohol use during pregnancy 
 

<0.001 

     Never 2396 (94.3) 9109 (90.2) 
 

     1-2 units per week 70 (2.8) 487 (4.8) 
 

     ≥3 units per week 74 (2.9) 506 (5.0) 
 

Gestational age in days (mean (SD)) 275.23 (14.56) 276.43 (13.22) <0.001 

Longstanding illness at age 7 295 (16.6) 1900 (18.8) 0.033 

Maternal mental health problem at child age 7 
(Kessler 6 score ≥ 6) 

220 (24.7) 1863 (18.4) <0.001 

 
  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) BMJ Open

 doi: 10.1136/bmjopen-2020-040056:e040056. 10 2020;BMJ Open, et al. Lai ETC



Table S2b - Comparison of cohort members with and without complete 
observations in the Danish National Birth Cohort 
n(%) for categorical variables or  
mean(SD) for continuous variables 

Incomplete 
cases 

Complete cases p 

n 2875 32889  

Maternal education   <0.001 

     Masters or above 340 (12.3) 3511 (10.7)  

     Bachelor or equivalent 815 (29.5) 9974 (30.3)  

     Short cycle tertiary 135 (4.9) 1939 (5.9)  

     Upper secondary 1184 (42.8) 14764 (44.9)  

     Lower secondary or lower 291 (10.5) 2701 (8.2)  

Mental health problems at age 11 169 (5.9) 1206 (3.7) <0.001 

Maternal mental health problem history 190 (13.0) 2100 (6.4) <0.001 

Boys 1451 (50.5) 16469 (50.1) 0.70 

Maternal age (years) (mean (SD)) 30.33 (4.42) 30.36 (4.15) 0.70 

Birth weight (gram) (mean (SD)) 3549.66 (596.44) 3568.47 (587.59) 0.11 

Maternal smoking during pregnancy 383 (26.0) 6810 (20.7) <0.001 

Maternal alcohol use during pregnancy  0.04 

     Never 1132 (75.9) 24393 (74.2)  

     1-2 units per week 307 (20.6) 7568 (23.0)  

     ≥3 units per week 52 (3.5) 928 (2.8)  

Gestational age in days (mean (SD)) 278.5 (14.0) 279.2 (12.6) 0.003 

Longstanding illness at age 7 181 (7.2) 1933 (5.9) 0.01 

Maternal mental health problem at child age 7  298 (15.1) 4438 (13.5) 0.05 

 
There were systematic difference between those with complete and incomplete 
observations across the two cohorts. In the MCS, those with incomplete 
observations had lower maternal education, more likely to have mental health 
problems at age 11 years, had younger mothers, lower birth weight, shorter 
gestational age, mothers more likely to have used alcohol during pregnancy and 
worse mental health at child age 7 years. In the DNBC, those with incomplete 
observations had lower maternal education, more likely to have illness at age 7 
years, shorter gestational age and mental health problems at age 11 years; mothers 
more likely to have worse mental health before and during pregnancy and at child 
age 7 years, have smoked and used alcohol during pregnancy. We therefore 
assumed that the data is missing at random and used multiple imputation using 
chain equations with predictice mean matching to handle missing data using R 
package mice [17]. Data were imputed for 10 times with reference to the guidelines 
suggested by White and colleagues [18]. The estimates in each imputed dataset 
were combined using Rubin’s rule [18].  
 
Sensitivity analysis 
The MCS survey weight 
The MCS survey weight could be applied to regression analysis for two main 
purposes. Firstly, the MCS employed a sampling scheme to build a cohort that is 
representative of the total UK population. A key characteristics of such scheme is 
that sub-groups of the population were on purpose oversampled, namely children 
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living in a disadvantaged background, ethnic minorities and smaller nations of the 
UK. This disproportionate sampling scheme ensures that typically hard to reach 
populations were adequately represented in this cohort. Secondly, non-response 
rates in each wave of follow-up have been consistently higher for those who are from 
disadvantaged areas and ethnic minorities, in all of the UK countries. Given the 
differential patterns of attrition, we repeated the analysis on the MCS data and 
applied survey weights to take this into account [19].   
 
Bias formula for unmeasured mediator-outcome confounding 
We conducted a sensitivity analysis using the bias formula derived by Vanderweele 
[20] to assess the robustness of the assumption of no unmeasured confounding of 
the mediator-outcome association. Suppose there is presence of a binary 
unmeasured confounder U that confounds the mediator-outcome association and the 
effect of U on the mental health problems at age 11 years (Y) is the same across 
strata of maternal education (A). Suppose also that the set of observed confounders 
(C) and U are sufficient set of covariates to adjust for in order to obtained unbiased 
estimates of true effects. Vanderweele’s bias formula for binary outcomes is as 
follows: 
 𝐵𝑁𝐷𝐸 =  1 + (𝛾 − 1)𝜋𝑎1 + (𝛾 − 1)𝜋𝑎∗ 
 𝐵𝑁𝐼𝐸 =  1 + (𝛾 − 1)𝜋𝑎∗1 + (𝛾 − 1)𝜋𝑎  

 
where B is the bias which represents the difference between the estimate obtained 
using the observed data and the true effect after adjusting for U; and 𝛾 is the effect of 
U on Y which is given by: 
 𝛾 = 𝑃(𝑌|𝑎, 𝑚, 𝑐, 𝑈 = 1)𝑃(𝑌|𝑎, 𝑚, 𝑐, 𝑈 = 0) 
 

 is the prevalence of U conditional on strata of a,m and c, which is expressed as: 
 

𝑎  = 𝑃(𝑈 = 1|𝑎, 𝑚, 𝑐) 
𝑎∗ = 𝑃(𝑈 = 1|𝑎∗, 𝑚, 𝑐) 

 

where a* is high maternal education whereas a is low maternal education.  
 
MacLehose and Kaufman (2012)[21] suggested that by rearranging the above 
formula and substituting B with the observed effect, one could obtain the odds ratios 

of the U-Y association needed () to explain away the observed effects as follows: 
 𝛾𝑁𝐷𝐸 = 𝜋𝑎 + 𝐵𝑁𝐷𝐸 + 𝐵𝑁𝐷𝐸 ∗ 𝜋𝑎∗ − 1𝜋𝑎 − 𝐵 ∗ 𝜋𝑎∗  

 𝛾𝑁𝐼𝐸 = 𝜋𝑎∗ + 𝐵𝑁𝐼𝐸 + 𝐵𝑁𝐼𝐸 ∗ 𝜋𝑎 − 1𝜋𝑎∗ − 𝐵 ∗ 𝜋𝑎  
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Simulation was then performed with different combinations of conditional prevalence 
of U in different strata of a as per Supplementary table 4. The results showed that 
the observed effects were robust to the presence of unmeasured confounding of 
moderate strength.  
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Appendix figure 1: simplified causal diagrams illustrating the direct and indirect effects estimated 
by models 1 to 3. A: maternal education; M1: perinatal factors; M2: childhood illness at age 7 
years; M3: maternal mental health at age 7 years; Y: symptoms of mental health problems at age 
11 years. In the causal mediation analysis framework, total effects were broken down into direct 
and indirect effects. The red arrows illustrate the indirect effect estimated by each model, and the 
rest was estimated as direct effect.  
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