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Supplementary Appendix I 

Supplementary Methods 

1. Sample search string 
	
The following keywords were provided to the research librarian by the review coordinator and 
adapted to each database: 

Infant mortality, neonatal mortality, child mortality, under-5 mortality, under-15 
mortality, under-five mortality, under-fifteen mortality, under five mortality, under-
fifteen mortality 

Educational status, educational attainment, maternal education, parent’s education, 
parental education, mother’s education, socio-economic status, socioeconomic status, 
parental socio-economic status, parent’s socio-economic status, mother’s socio-economic 
status, father’s socio-economic status, parent’s socioeconomic status, mother’s 
socioeconomic status, father’s socioeconomic status, maternal socioeconomic status, 
paternal socioeconomic status, parental socioeconomic status, social class. 

Database: Web of Science 

Date of the search: 04.02.2019 

TS=(“Infant mortality”  or  “neonatal  mortality”  or  “child  mortality”  or  “under-5  
mortality”  or  “under-15  mortality”  or”  under-five  mortality”  or  “under-fifteen  
mortality”  or  “under  five  mortality”  or  “under-fifteen  mortality”)  

TS=(“Educational status”  or  “educational  attainment”  or  “maternal  education”  or  
“parent*  education”  or  “mother*  education”  or  “socio-economic  status”  or  
“socioeconomic  status”  or  “parent*  socio-economic  status”  or  “mother*  socio-
economic  status”  or  “father*  socio-economic  status”  or  “parent*  socioeconomic  
status”  or  “mother*  socioeconomic  status”  or  “father*  socioeconomic  status”  or  
“maternal  socioeconomic  status”  or  “social  class”  or  SES)  

These are combined using the “Combine sets” function in Web of Science with the AND 
Boolean operator. 

  



2. Equations 
 

Equation 1. For interpretability purposes of the model coefficients, we standardized the DHS 
wealth variable to lie between 0 and 1 using the equation below: 
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Where: 

• !!!,#	 is the standardized wealth metric for household i, scaled to lie between 0 and 1, and 

• #!! is a vector of all wealth metrics measurements for a given survey, and 
• #!!,# is the unstandardized wealth metric for household i. 

 

Equation 2. For each survey-year-age-span, we ran a Cox proportional hazards model with 
random effects (frailty model), operationalized as follows: 
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Where: 

• L(M) is the hazard function at time = t, 
• L6(M) is the baseline hazard function at time = t, 
• Maternal Education is years of education of the mother, 
• Partner’s Education is years of education of the partner (usually the father), 
• DHS Wealth Index is the continuous DHS wealth index (standardized to lie between 0 

and 1), 
• Year of Birth is the year of birth of the child centered by subtracting 1980, 
• Child Sex is a binary indicator capturing whether the child is male or female, and 
• N7 is a normally distributed random effect on the first administrative unit, 
• and O7 is a normally distributed nested random effect on the mother’s birth cohort (in 

decades). 

Resulting continuous relative risks corresponding to P8$ or P8% for the relative risk of 
maternal or paternal education per one year of education were then used as data points in the 
meta-analysis.  

Equation 3. For the meta-analysis, we included random intercepts for studies, so that multiple 
effect sizes from the same study did not drive the results unnecessarily. Outlier trimming was set 
at 10%. The model took the following form: 



Q = RS9:; − S<=>U × (S?@AW?@A + W + X)  

Where: 

• Q	is the log(relative risk), 
• S9:; and S<=> are midpoints for alternative and reference intervals for the exposed and 

unexposed groups measured in the relative risk effect size  
• S?@A is a design matrix containing covariates we control for (wealth, urbanicity 

education, age of the mother, sex and age bin of the child) 
• W?@A are covariate multipliers associated with S?@A 
• W gives estimate of effect size (effect of unit of education on log relative risk).   
• X is a study-specific random effect. 

More information on this model is detailed in Supplementary Appendix II. 

3. Displaying Nonstandard Data 
 

For data display purposes, in some of the following figures we represent each effect size as the 
relative risk or log-space relative risk of under-5 mortality per year of maternal/paternal 
education. This is necessary as the included studies had inconsistent referent exposure categories 
and were thus incomparable when viewed in normal, unadjusted space (i.e., one study may report 
a relative risk with respect to 0 years of education while another may report a relative risk with 
respect to completed secondary education). This is concurrent with the above treatment of the 
data by the model if the final model is linear. The abbreviated method for normalizing this data 
for visualization purposes divides the effect size by the distance between the midpoints of the 
referent and alternate exposure windows as follows: 
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4. Primary Analyses of DHS Data 
 

As discussed in the main text, we ran independent analyses for n=114 unique DHS surveys 
across n=58 countries. For each survey, we ran independent models across different age ranges 
to assess the protective effects of parental education on child survival. We controlled for the 
most common confounding variables identified in the systematic review – sex of the child, 
partner’s educational attainment, and wealth –, avoiding variables that lie on the causal pathway 
when possible. Sensitivity analyses discussed below, however, show that incorporating 
additional the choices of confounders beyond these three did not have a large impact on our final 
estimates. These confounders included sex of the child, the partner’s educational attainment, and 
wealth. 
 



The DHS wealth indicator, an asset-based indicator that is country- and survey- specific, was 
used as a proxy for household wealth. See Equation 1 above, for standardization of the DHS 
wealth variable between surveys. 
 
Finally, we also included year of birth as a continuous fixed effect variable to control for 
agnostic gains in child survival due to the widespread economic development that occurred 
during this period that varied across countries. We also included nested random effects on level 1 
administrative units and the mothers’ birth cohort (in decades) to further absorb agnostic average 
changes in child mortality in due to changing location-based characteristics over time.   
 
For each DHS survey, we ran a set of models which corresponded to the six major under-5 age 
intervals found in the systematic review. These models never pooled data from different 
locations or survey years unlike other analyses. The reasons for this are threefold. First, by 
limiting our reference frame to a single survey iteration, we allow comparability in effect size 
estimates across countries. If we instead pooled data across locations or within locations, several 
countries would benefit from effectively increased sample sizes resulting from multiple survey 
iterations while others would not. Second, by treating each survey iteration as a separate sample, 
we allow for comparisons within countries across time. Third, by effectively stratifying our 
dataset by survey iteration, we tacitly control for time-varying contextual factors such as political 
changes, foreign aid, and development that can change between surveys.  
We ran the models identically over six different age groups, four of which are roughly analogous 
to the most common age bins found in the systematic literature, as discussed below. 
For each survey-year-age-span, we ran a Cox proportional hazards model with random effects 
(frailty models), described in Equation 2 above. Resulting continuous relative risks 
corresponding to the relative risk of maternal or paternal education per one year of education 
were then used as data points in the meta-analysis. 
 

5. Sensitivity Analysis I: Demographic and Health Survey 
Microdata Primary Analyses 
As stated in the main paper, numerous studies were identified and excluded because they used 
Demographic and Health Survey (DHS) data in their analyses. We reasoned that, though our own 
primary analyses, we could standardize these studies to reduce noise due to variation in study 
design. However, there remained the question of what means was the best by which to analyze 
the data. As stated in the paper, we opted for survey-specific models as opposed to pooled 
models. These models were run separately for each survey and the effect sizes gleaned from 
them were used in our analysis. All models took the form of a mixed effects Cox proportional 
hazards model. The models operationalized maternal and paternal education as continuous 
variables. Included as fixed effects covariates were the DHS wealth index (standardized as 
explained in the main text), sex of the child, year of birth, and maternal stunting. In order to test 
the differential impact each of these has on the final effect sizes (the beta coefficients 
corresponding to maternal and paternal education), we conducted a sensitivity analysis that 
systematically measured their impact on the model. All models included maternal education and 
paternal education as fixed effects. We then tested nine other model specifications, one model 



that included all covariates, four that measured the impact of adding each covariate separately, 
four that measured the effect of removing each covariate from the fully controlled model. Only 
the beta coefficients for the main effects, maternal and paternal education, were of interest. See 
Supplementary Figure 15. 

6. Sensitivity Analysis II: Systematic Review + DHS Synthesis 
and Meta-Analysis 
The meta-analyses we undertook synthesized data from a systematic review and Demographic 
and Health Surveys microdata. Owing to the nature of these two data sources, we used a 
sensitivity analysis to see if any compositional biases in these data adversely affected our results. 
The meta-analytical models mentioned in the main text of this article were rerun using three data 
specifications: (1) the original data that combines both systematic review data and results from 
our own microdata analyses, (2) only the results from the DHS microdata analyses, and (3) only 
the input data identified by the systematic review. In our main text, we describe several sources 
that were identified in the systematic review that were the result of analyses of DHS data by 
other parties. As we describe in the main text, all three sensitivity analyses scenarios continued 
not to use those data. In the case of scenario 2, which only uses results from our analyses of DHS 
microdata, the metaanalysis is run with no covariates. This is because there is no need to adjust 
for study-level covariates because all studies in this meta-analytical task are already optimally 
controlled. A model specification that included these covariates would have no contrast in the 
covariate values across the rows of data, resulting in a failed model. To judge to comparability of 
these scenarios, we compare the same quantities displayed in Figure 4b of the main text, notably, 
the logged relative risk per each additional year of paternal or maternal education across multiple 
age ranges. See Supplementary Figure 16.  

  



7. Supplementary Results, Tables & Figures 
	
Supplementary Figure 1 shows the normalized effect sizes extracted from the systematic review 
and the midpoints of the exposure and referent categories for each extracted effect size as an 
approximation of the instantaneous slope of the relative risk curve implied by each extracted 
effect size. This is used as a means of examining the linearity of the dose-response relationship 
between parental education and under-5 mortality when superimposed with the aforementioned 
average effect sizes. While such a task is complicated by each datum having been approximated 
with a different set of confounders, visual inspection is still possible so as to determine the 
linearity and monotonicity of the fitted relative risk curve. Across all age intervals and both 
parent genders, linearity of the slopes of the effect sizes is apparent.  

Additionally, Supplementary Figure 1 provides evidence for the monotonicity of the dose-
response relationship between parental education and child mortality (i.e. the slope of the relative 
risk curve is negative across the entire exposure range). While some studies have shown 
significant payoffs of primary schooling compared to no schooling but have shown insignificant 
effects of secondary schooling as compared to primary schooling (citations pulled from 
systematic review), these results compel us to believe that there is, in aggregate, no evidence for 
a decreasing marginal utility of increased maternal or paternal education. 

Supplementary Figures 3 through 14 display normalized relative risks per one year of parental 
education, shown for all study data separately by parent’s sex, child’s age, and systematic review 
or DHS data. Color indicates inlier/outlier. Full study titles are provided in the supplementary 
spreadsheet. Axis labels are intentionally small. These figures serve two purposes, one of which 
is to simply provide an overview of data availability and effect sizes. The second is to allow 
curious readers to cross reference specific studies to see how their measured effect sizes compare 
to other studies’ effect sizes. 

 

 

  



Supplementary Table 1 

Survey characteristics for DHS data 

 

	
	



Supplementary Table 2 

Percent reduction in childhood mortality across age intervals by 
parent’s gender (all effect sizes use a reference group of 0 years 
of parental education). 

	
	



Supplementary Figure 1 

Normalized input data, superimposed with estimated average 
effect sizes 

 
 



Supplementary Figure 2 

Relative risk of under-5 mortality, by age group and parents’ 
education 

 



Supplementary Figure 3 

Normalized relative risks per one year of parental education, by 
age group, parent’s education, and data source.	

 



Supplementary Figure 4 

 



Supplementary Figure 5 

 



Supplementary Figure 6 

 



Supplementary Figure 7 

 



Supplementary Figure 8 

 



Supplementary Figure 9 

 



Supplementary Figure 10 

 



Supplementary Figure 11 

 



Supplementary Figure 12 

 



Supplementary Figure 13 

 



Supplementary Figure 14 

 



Supplementary Figure 15 

Sensitivity analysis of DHS Microdata Primary Analyses 
	

 



Supplementary Figure 16 
 

Sensitivity analysis of Systematic Review + DHS Synthesis and 
Meta-Analysis 
‘Log(RR) Per Additional Year of Parental Education’ is identical to the beta value estimated by 
the model. 
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9. MR-BRT Methods for Parental Education
Meta-Analysis.

This Appendix details the statistical model and fitting procedure used in the analysis. The article [4] 
has a more complete mathematical specification of the model.

(1) Mixed-Effects Model
We consider the following basic nonlinear mixed effects model:

yi = Xiβ + Ziui + εi

ui ∼ N(0,Γ), Γ = diag(γ), εi ∼ N(0,Λ),
(1)

where yi ∈ Rni is the vector of observations from the ith study, εi ∈ Rni are measurement errors with
given covariance Λ, ui ∈ Rkγ are independent random effects, and Zi ∈ Rni×kγ is a linear map, and β
are regression coefficients. The models Fi may be nonlinear.

To fit (β,γ) we solve the marginal likelihood problem

min
β,γ

f(β,γ) :=
m∑

i=1

1
2(yi −Xiβ)>(ZiΓZ>i + Λi)−1(yi −Xiβ) + 1

2 ln |ZiΓZ>i + Λi|. (2)

(2) Trimming outliers.

Least trimmed squares (LTS) is a robust estimator proposed by [2, 3] for the standard regression 
problem. Given the problem

min
β

n∑
i=1

1
2(yi − 〈Xi,β〉)2, (3)

the LTS estimator minimizes the sum of smallest h residuals rather than all residuals. These estimators
were initially introduced to develop linear regression estimators that have a high breakdown point (in
this case 50%) and good statistical efficiency (in this case n−1/2).1 LTS estimators are robust against
outliers, and arbitrarily large deviations that are trimmed do not affect the final β̂.

Rather than writing the objective in terms of order statistics, it is far simpler to extend the likelihood
using an auxiliary variable W:

min
β,W

n∑
i=1

wi

(
1
2(yi − 〈Xi,β〉)2

)
s.t. 1>W = h, 0 ≤W ≤ 1. (4)

The set
∆h :=

{
W : 1>W = h, 0 ≤W ≤ 1

}
(5)

is known as the capped simplex, since it is the intersection of the h-simplex with the unit box (see [1]
for details). For a fixed β, the optimal solution of (4) with respect to W assigns weight 1 to each of the
smallest h residuals, and 0 to the rest. Problem (4) is solved jointly in (β,W), simultaneously finding
the regression estimate and classifying the observations into inliers and outliers. This joint strategy

1Breakdown refers to the percentage of outlying points which can be added to a dataset before the resulting M-estimator
can change in an unbounded way. Here, outliers can affect both the outcomes and training data (features).

1



makes LTS different from post-hoc analysis, where a model a fit first with all data, and then outliers
are detected using that estimate.

To explain how trimming enters the marginal likelihood problem, we focus on a single group term from
the ML likelihood (2):(

1
2(yi −Xiβ)>(ZiΓ−1Z>i + Λi)−1(yi −Xiβ) + 1

2 ln |ZiΓ−1Z>i + Λi|
)
.

We introduce auxiliary variables Wi ∈ Rni , and define

ri := yi −Xiβ, Wi := diag(Wi),
√

Wi := diag(
√

Wi).
We now form the objective

1
2r
>
i

√
Wi

(√
WiZiΓ−1Z>i

√
Wi + Λ�Wi

i

)−1√
Wiri + 1

2 ln
∣∣∣√WiZiΓ−1Z>i

√
Wi + Λ�Wi

i

∣∣∣ , (6)

where � denotes the elementwise power operation:

Λ�Wi
i :=

(λ1j)wi1 0 . . . 0

0
. . . . . .

...
0 . . . 0 (λini

)wini .

 (7)

When wij = 1, we recover the contribution of the ijth observation to the original likelihood. As wij ↓ 0,
The ijth contribution to the residual is correctly eliminated by √wij ↓ 0. The jth row and column of√

WiZiΓ−1Z>i
√

Wi both go to 0, while the jth entry of Λ�Wi
i goes to 1, which effectively removes all

impact of the jth point on the covariance matrix.

(3) Posterior Variance-Covariance Matrix

In the meta-regression setting, the model we consider is given by:
y = Xθ + Uγ + ε, ε ∼ N(0, σ2I),

and the estimate for θ at the true value forγ is given by

θ̂ = (XTV (γ)−1X)−1XTV (γ)−1y,

with its variance is computed by

V (θ̂) == (XTV (γ)−1X)−1. (8)
To obtain an estimate of this matrix we can replace γ by its estimate γ̂.

Sampling from this distribution, a single measurement ŷi for given values of the design matrix x has
variance

V (yi) = xT (XTV (γ)−1X)−1x.

References

[1] A. Aravkin and D. Davis. Trimmed statistical estimation via variance reduction. Mathematics of 
Operations Research, 2019.

[2] P. J. Rousseeuw. Multivariate Estimation with High Breakdown Point. Mathematical statistics and 
applications, 8:283–297, 1985.

[3] P. J. Rousseeuw and C. Croux. Alternatives to the median absolute deviation. Journal of the 
American Statistical association, 88(424):1273–1283, 1993.

[4] P. Zheng, R. Barber, R. J. Sorensen, C. J. Murray, and A. Y. Aravkin. Trimmed constrained mixed 
effects models: Formulations and algorithms. Journal of Computational and Graphical Statistics, 
00(0): 1–13, 2021. doi.org/10.1080/10618600.2020.1868303

2




