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SUMMARY
Emerging research suggests that exposures to metals during pregnancy and consequent disruptions in gut
microbiome (GM) are associated with depressive disorders in childhood. Akkermansia muciniphila, a GM
bacteria, has been studied for its potential antidepressant effects. However, its role in influencing the
association between prenatal metal exposures and depressive symptoms during childhood is unknown.
Leveraging awell-characterized pediatric birth cohort and itsmicrobiome substudy (n = 112), we investigated
whether a certain subgroup of children at 9-11-year-of-age (characterized by a specific pattern of prenatal
exposure to groups of metals or metal-clique) had worsened depressive symptoms and if the presence of
A.muciniphila in GM modifies this association. A subgroup of children characterized by the prenatal metal-
clique signature of zinc-chromium-cobalt had significantly increased depression scores; however, within
that subgroup, children with A.muciniphila had much lower depression scores than those without A.mucini-
phila in the GM. Our analysis provides exploratory evidence hypothesizing A.muciniphila as an intervention
attenuating the effect of prenatal metal-exposures-associated depressive disorders in late childhood.
INTRODUCTION

Depression is a global health burden, with 37% of adolescents

experiencing elevated depressive symptoms worldwide be-

tween 2010 and 2020.1 Emerging research indicates that disrup-

tions in gut microbiota may be a contributor to the development

of depressive disorders.2 Likewise, beneficial or probiotic gut

bacteria may help alleviate depressive symptoms. Akkermansia

muciniphila is one such potentially beneficial bacteria that may

be a promising avenue for preventive intervention of depression

in childhood and adolescence.3

A. muciniphila is a commensal inhabitant of the human

gastrointestinal tract throughout life.3,4 Extensive phylogenetic

and metagenomic investigations have consistently identified

A. muciniphila as one of the top twenty most prevalent

species in the human gut.4–9 Within the first year after birth,

A. muciniphila establishes stable colonization in the gut, reach-

ing levels similar to those found in healthy adults, with abun-

dance gradually declining in the elderly.3,4,10 A. muciniphila

was detected in human milk, indicating its transfer frommothers

to infants through breastfeeding and the presence in the gastro-

intestinal tract of newborn infants.3,4 During this early develop-
iScience 27, 111335, Decem
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mental stage, A. muciniphila exhibits successful colonization in

the gastrointestinal tract due to its active acid resistance system

and capacity to degrade human milk oligosaccharides in the

stomach of newborn infants.3,11 A. muciniphila’s inhabitance of

the human gut microbiome (GM) during critical stages of human

development may lead to A. muciniphila playing an important

role in neurodevelopment via the gut-brain axis, which facilitates

bidirectional interactions between the brain and the gut.12 The

GM, including A. muciniphila, has been significantly associated

with neuropsychiatric disorders, notably depression and anxi-

ety.13 A previous study found that A. muciniphila treatment

significantly ameliorated depressive-like behavior in chronic re-

straint stress-exposed mice.14 Further, recent studies show

that supplementation of A. muciniphila could relieve depres-

sion-like symptoms in recipient mice.15 These relationships

may also exist in humans, though further epidemiologic investi-

gation is needed.

Even at low levels, increased metal concentrations during

childhood and adolescence were associated with increased

depressive symptoms.16,17 Prenatal exposures to lead (Pb)

and manganese (Mn) have also been associated with mid-child-

hood to adolescent internalizing symptoms.18 Exposure to
ber 20, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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multiple metals simultaneously may further strengthen this asso-

ciation. For instance, combined exposure to organochlorine and

metal mixtures has been further associated with anxiety/depres-

sive symptoms during adolescence.18 While this evidence sug-

gests a link between prenatal exposure to individual metals

and some mixtures, not all components within a mixture are

necessarily equally important.19 In other words, such associa-

tions might be only observed in certain subgroups of the popu-

lation with specific patterns of metal exposures.20,21 Like genetic

signatures, metal-clique signatures represent a certain sub-

group of the population with uniquely characteristic patterns of

metal exposures that essentially identify specific subgroups.

As a direct application of the conceptual framework of precision

environmental health,22 the metal clique signatures identify sub-

groups based on patterns of metal exposures. However, few, if

any, environmental epidemiology investigations have focused

on such subgroup-specific exposure to metals.

Multiple studies have linked individual or mixtures of metal

biomarkers with depression symptoms.23–25 Yet, few have

investigated their interaction through metal cliques, and conse-

quently, the etiological mechanisms are not well understood.

Studies in human and animal models have linked dysregulated

metal homeostasis to multiple neurological conditions. Altered

levels of trace elements, including manganese (Mn), copper

(Cu), and zinc (Zn) were associated with worsened neurological

health outcomes like bipolar mood disorder, dementia in Alz-

heimer’s disease, and autism.26–28 Recent studies in children

with autism spectrum disorder (ASD) suggest that interactions

between dysregulated fetal Cu and Zn levels may precede

ASD diagnosis.29 Further, altered homeostasis and nutritional

deficiencies in trace elements may worsen internalizing symp-

toms.30,31 A few studies have further hypothesized that metal

ion interactions may induce mood-stabilizing effects.32 There-

fore, according to the developmental origins of health and

disease (DOHaD) hypothesis, such alterations in metal concen-

trations may occur even during pregnancy and could have a

long-term effect on child neurodevelopment.

Exposure to toxic metals is also associated with the composi-

tion, diversity, and functional activities of the GM.33–36 We

previously found that higher prenatal lead exposure reduced

the diversity and abundance of beneficial taxa within the GM in

children duringmid-childhood (9–11 years).37,38 Althoughmetals

have been linked to both alterations of the GM and increased

depression symptoms, it is not well understood whether there

are specific sub-populations with worsened symptoms than

the rest. Identifying such subgroups is important since (1) not

all individuals are equally susceptible to altered levels of metal

exposure during pregnancy, and (2) distinguishing such hetero-

geneous adverse effects is pivotal for public health policy. Since

such altered exposure occurred during pregnancy, research is

needed to address plausible strategies for intervention to coun-

teract their possible long-term adverse effects that can impact

individual lives. Understanding gut microbial exposomics from

the window of intervention strategies is a possible way forward.

Moreover, given the recent and rapidly developing research on

probiotic GM, it is a natural, well-mitigated strategy to study their

impact on adverse effects of past metal exposures. Further, with

the recent studies of the beneficial effect ofA.muciniphila in neu-
2 iScience 27, 111335, December 20, 2024
rodevelopment, it is quite pivotal to explore its specific role in

modifying any association between metal exposure and depres-

sion. This study, therefore, investigates the role of A. muciniphila

in modifying the association between prenatal metal clique

signature and depressive symptoms in late childhood from a

precision environmental health perspective.

RESULTS

Characteristics of study population
Data comes from the Programming Research in Obesity,

Growth, Environment, and Social Stressors (PROGRESS)

cohort, which is an ongoing prospective birth cohort study con-

ducted in Mexico City, Mexico. Table 1 provides the descriptive

statistics of the 112 participants included in this study, stratified

by the presence/absence of A. muciniphila detected in 9-11-

year-old gut samples. The mean (SD) relative abundance of

A. muciniphilia in this sample was 0.09 (0.48). A. muciniphilia

was present (i.e., defined as an estimated relative abundance

more than zero) in 24% of participants. Among those with a

non-zero relative abundance of A. muciniphilia, the distribution

(as well as the spread) of the relative abundance was 0.0003,

0.0113, 0.0456, 0.2986, and 4.7789, at 0th, 25th, 50th, 75th and

100th percentiles, respectively. Mothers of children with

A. muciniphila exhibited a lower BMI of 26.33 kg/m2 in preg-

nancy. The average t-scored Childhood Depression Inventory

(CDI) was 52.97 (range: 40–81). On average, those without gut

A. muciniphila had a higher CDI score (i.e., more depressive

symptoms). For further analysis, we converted the relative abun-

dance of A. muciniphila as a binary indicator of presence and

absence to ward off any influence of outliers. The Spearman

correlation between the metal concentrations is presented in

Figure S1, where we observed stronger positive correlations be-

tween metals within the third trimester, followed by the second

trimester. However, the inter-correlation betweenmetal concen-

trations at the second and third trimesters was relatively lower.

There was no significant difference between concentration at

the second and third trimesters for most metals, except for

Mn, Co, and Zn. Further, the concentrations of all three metals,

Mn, Co, and Zn, were higher in the third trimester (Median [Inter

Quartile Range] of concentrations are shown in Table S1). Within

each trimester, the concentrations of the metals did not signifi-

cantly differ with respect to the presence (or absence) of

A. muciniphila (see Table S2 for stratification by the presence

of A. muciniphila).

Individual associations with childhood depressive
symptoms
We first presented the preliminary results of individual analyses

with metals and the presence of A. muciniphila. The presence

of A. muciniphila was associated with significantly decreased

t-scored CDI (log-tCDI) (beta = �0.13, 95%CI = [�0.21,�0.04],

the randomization-based robust p-value [Prand < 0.0001])

(Figure 1C). The result remained statistically significant and pre-

served the directionality even on non-log transformed t-scored

CDI. Associations with individual prenatal metal exposures and

t-scored CDI were previously reported in our previous study.39

However, we decided to present these results because these



Table 1. Descriptive statistics of covariates and depression scores from 9 to 11 years of age PROGRESS participants included in this

study (n = 112)

Overall

A. muciniphila

Absent

A. muciniphila

Present p-value

Covariates

Child Sex 0.83

Male n(%) 68 (60.7) 51 (60.00) 17 (63.0)

Female n(%) 44 (39.3) 34 (40.00) 10 (37.0)

Maternal SES in pregnancy 0.71

Lower n(%) 61 (54.5) 48 (56.5) 13 (48.2)

Medium n(%) 41 (36.6) 29 (34.1) 12 (44.4)

Higher n(%) 10 (8.9) 8 (9.4) 2 (7.4)

Maternal age at birth (years) mean(Sd) 28.7 (5.8) 29.2 (5.9) 27.1 (5.4) 0.12

Maternal BMI in pregnancy (kg/m2)

mean(Sd)

27.3 (4.5) 27.6 (4.6) 26.3 (4.2) 0.28

Child age at gut microbial sample collection

(years) mean (Sd)

9.7 (0.9) 9.6 (0.9) 9.8 (1.0) 0.42

Outcome 0.07

t-scored Childhood Depression Inventory

mean(Sd)

53.0 (8.1) 53.7 (8.1) 50.7 (7.8)

The p-values comparing PROGRESS participants with vs. without gut A. muciniphila were calculated using Fisher’s exact test or the Wilcoxon rank-

sum test, depending on the underlying variable.
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newly estimated associations were reported on a covariate-

balanced dataset (therefore doubly robustness in estimates

and systematically differs from the previous ones) and for the

continuity of the narrative. A few individual metal exposures dur-

ing pregnancy were significantly associated with log-tCDI

(Figures 1A and 1B). In the 2nd trimester, higher Cr exposure

was associated with decreased log(t-CDI) (b [95% CI] = �0.03

[-0.05, 0.00],p = 0.05). In contrast, increased Zn exposure was

associated with a higher log(t-CDI) score (b [95% CI] = 0.04

[0.01, 0.06], p = 0.008). Similarly, in the 3rd trimester, higher Co

and As were associated with decreased log(t-CDI) scores (b

[95% CI] = -0.04[-0.07, �0.02], p = 0.002 and �0.03[-0.06,

�0.01], p = 0.02, respectively), while Cr was associated with

increased log(t-CDI) (b [95% CI] = 0.03[0.00, 0.05], p = 0.04).

Only the false discovery rate (FDR)-adjusted p-value associated

with Co, in the 3rd trimester, was lower than 0.05. These individ-

ual associations provide us with a sense of directionality and

overall estimates; however, this paper’s primary interest is

finding combinations of metal-clique signatures, which we pre-

sent in the next subsection.

Association between prenatal metal-clique signature
and childhood depressive symptoms and effect
modification by A. muciniphila

Ametal-cliques signature denotes a specific subgroup of children

with certain patternsofmetal exposure, and therefore, it canbe re-

gardedasametallomicssignatureonlypresent incertainsub-pop-

ulations. We obtained 123 unique clique signatures (of order two)

from rh-SiRF. Among these, only 3% of cliques have a stability

(i.e., frequency of occurrence) of more than 5% (we presented

the list of top 10combinations in Table S3).Wechose the top three

combinations since those formed a closed-looped network

(Figure S2 for a forced-directed graph of this clique).We identified
a three-component metal-clique signature composed of (1) high

Zn in the 2nd trimester (concentrationR 20th percentile of the sam-

ple), (2) lowCo in the 3rd trimester (concentration% 80th percentile

of the sample), and (3) low Cr in the 2nd trimester (concentration%

55th percentile of the sample). This three-component metal-clique

signature is essentially a binary indicator that specifies a subgroup

ofchildren (comprisingalmost40.9%of thesample)withaspecific

pattern of prenatal metal exposure. Next, this clique signature

was put into a regression model to estimate the association with

log-tCDI on the covariate-balanced dataset, further controlling

for covariates and confounders.

The metal-clique signature high Zn in 2nd trimester-low Co in

3rd trimester-low Cr in 2nd trimester was obtained explicitly

from the results of the rh-SiRF algorithm, as this particular com-

bination occurred most frequently among all the trees in the

random forest.

Further, note that this metal-clique signature differs from a

mixture association since this unique signature is only identified

in a particular subgroup of the children. The distributions of the

log-tCDI were shown in Figures 2A and 2B for children with

(and without) the metal-clique signature. Within children without

the metal-clique signature, the distribution of log-tCDI is similar

between children with or without A. muciniphila. In contrast,

the distributions of log-tCDI among children with the metal-cli-

que signature differ drastically between those with and without

A. muciniphila. The three-component metal-clique signature of

high Zn, lowCr in the 2nd trimester, and lowCo in the 3rd trimester

was significantly associated with an increased depression

score (b [95% CI] = 0.08[0.02, 0.13], Prand < 0.0001) (Figure 2C).

However, this metal-clique signature was not correlated with

the presence of A. muciniphila (Figure 2D), indicating that

A. muciniphila is not a mediator between this metal-clique signa-

ture and childhood depression scores. However, the presence of
iScience 27, 111335, December 20, 2024 3



Figure 1. Associations between individual metal exposures during pregnancy, the presence of A. muciniphila in childhood gut-microbiome,

and log-tCDI scores (n = 112) in the PROGRESS children at 9–11 years of age
(A) shows associations (beta estimates and 95% CIs) with metal exposures in the 2nd trimester. Dotted vertical line denotes the null association.

(B) shows associations (beta estimates and 95% CIs) with metal exposures in the 3rd trimester. Dotted vertical line denotes the null association.

(C) shows an association between the presence of A. muciniphila and Childhood Depressive Symptoms. t-CDI: t scored Child Depression Index.
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A. muciniphila modifies this association. For 31.8% of children

with no A. muciniphila, the metal-clique signature was strongly

associated with increased depression score (b [95% CI] = 0.11

[0.05, 0.18], Prand < 0.0001). In contrast, for children with

A. muciniphila, this same metal-clique signature was weakly

associated with decreased depression scores in almost 9.1%

of children (b [95% CI] = -0.05[-0.16, 0.06], Prand < 0.4). We

further estimated the Spearman correlations between the com-

ponents of this metal-clique signature, the overall indicator of

the three-component metal-clique signature, and the absence

of A. muciniphila (Figure 2B). Correlations between the metal

components were minimal, which implies that correlation be-

tween metal concentrations did not have a significant effect in

forming the clique, indicating a non-linear interaction. We did

not undertake a mediation analysis mainly because (1) the

metal-clique signature was not correlated with the presence or

absence of A. muciniphila (Figure 2D), (2) the microbiome and

the depression outcome were measured at similar time points.

Validation analysis with BASC-2 depression scale
We repeated the analysis with the same metal clique signature

and A. muciniphila with the BASC-2 depression score to verify
4 iScience 27, 111335, December 20, 2024
whether the previously observed associations could be repli-

cated. There were 79 children with both scores available; there-

fore, the analysis was repeated on this sub-sample. The correla-

tion between the two scores was 0.57, indicating a moderate to

strong association between both measures. The associations

are presented in Figure 3. Overall, we observe a similar pattern

of associations and the effect modification by A. muciniphila.

Sensitivity analyses
We carried out multiple sensitivity analyses to verify our results

remain robust: (1) for the major associations (except the forest

plots for individual metal exposures), we estimated randomiza-

tion-based p -values (Prand) (that are robust against any assump-

tion of normality) by permuting each of the outcomes 106 times.

The significant Prand values were far lower than the model-based

p-values (Table S4). (2) Because of the small sample, we chose

minimal covariates to adjust in the models; still, we incorporated

techniques like ‘‘covariate-balancing’’ to obtain robust results

(the covariate-balanced love plot is presented in Figure S3). (3)

Moreover, the presence of A. muciniphila remained strongly

associated with significantly decreased log-tCDI scores even

on the non-covariate balanced dataset (b [95% CI] = -0.10



Figure 2. The distribution and the association with prenatal metal-clique signature and log-tCDI scores and the effect modification by the

absence of A. muciniphila in childhood gut microbiome

(A) shows the distribution of log-tCDI scores among children with the metal-clique signature (between those with and without A. muciniphila).

(B) shows the distribution of log-tCDI scores among children without the metal-clique signature (between those with and without A. muciniphila).

(C) shows the beta coefficients and 95% CIs for the association with prenatal metal-clique signature and log-tCDI scores and the effect modification by the

absence of A. muciniphila; the proportions of the sample characterized by the clique are shown in brackets on the y axis.

(D) shows the Spearman correlations among the components of the metal-clique signature (individual metal concentrations), the metal-clique signature, and the

indicator for the absence of A. muciniphila among the 112 PROGRESS children; the blue colored boxes with black dots imply statistically significant associations

(p-value is 0.03). The colored but blank boxes without any symbol denote statistically non-significant correlation coefficients. t-CDI, t scored Child Depression

Index.
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[-0.18,-0.01]). (4) Directions for themetal-clique signature associ-

ations (with andwithout the presence ofA.muciniphila) remained

similar to themain findingsunderalterations toeachof the thresh-

olds (increase and decrease by ten percentiles) (Figures S4 and

S5), implying greater robustness. (5) Results remained robustly

similar when we binarized the t-scored CDI (R75th percentile)

and repeated the metal-clique associations (Figure S6). (6) We

used a negative control outcome – having a pet (at the time of mi-

crobial sample collection), which might have similar sources of

potential selection bias but would not be causally related to the

identified metal-clique signature. In the association with the

metal-clique signature, we found a null association with different

directionality (OR[95%CI]:0.7[0.2,2.5]) between themetal-clique

signature and having a pet as the outcome. This illustrates a

reduced potential of selection and residual confounding biases.

(7) Finally, in Figure S7, we show the Spearman correlations

among the individual metal concentrations, the metal-clique

signature, and the indicator for the absence of A. muciniphila

with the non-significant correlations as blank.
DISCUSSION

In this study, we explored the modifying effect of A. muciniphila

on the associations between prenatal exposure to a certain

metal-clique signature and depressive symptoms in late child-

hood. Our results suggest that a subgroup of children character-

ized by the prenatal metal-clique signature of zinc-chromium-co-

balt had significantly increased depression scores in late

childhood. In the absence of A. muciniphila in childhood GM, chil-

dren with this metal-clique signature had significantly higher

depression symptoms. However, for children with A. muciniphila,

this metal-clique signature was weakly associated with lower

depression symptoms. This analysis provides the first exploratory

evidence that the presence of A. muciniphila likely attenuates the

association between specific prenatal exposure to metals and

depression in later childhood in certain subgroups of children.

A.muciniphila is a symbiotic bacteriumcolonizing the intestinal

epithelium’s mucosal layer. This mucus layer comprises high-

molecular-weight glycoproteins called mucins.40 A. muciniphila
iScience 27, 111335, December 20, 2024 5



Figure 3. The beta coefficients and 95%

CIs for the association with prenatal metal-

clique signature and log-t scored BASC

depression and the effect modification by

the absence of A. muciniphila; the propor-

tions of the sample characterized by the cli-

que are shown in brackets on the y axis

The sample size for this analysis was 79. BASC:

Behavioral Assessment System for Children.

iScience
Article

ll
OPEN ACCESS
breaks down mucins, producing short-chain fatty acids

(SCFAs) that facilitate the bacteria’s colonization process and

provide energy and neuromodulators for the host.41 These

SCFAs contribute to thematuration of the immune and neurolog-

ical systems.41 As a member of the GM, A. muciniphila commu-

nicates with the central nervous system (CNS) via the micro-

biota-gut-brain axis (MGBA).42–44 Reduced A. muciniphila

levels have been seen in mice and rats displaying depression-

like behavior.45,46 In the FinnBrain Birth Cohort, the prevalence

of Akkermansia was inversely associated with maternal post-

partum depression symptoms.47 Depression is associated with

lower levels of brain-derived neurotrophic factor (BDNF), and

the neurotrophic hypothesis connects this decrease in BDNF to

the pathophysiology of depression.48–50 A. muciniphila counters

this by enhancing BDNF expression, fostering synaptic path-

ways, and reducing depression symptoms.2,13,14 Individuals

with depression often have reduced 5-HT (5-hydroxytryptamine

or serotonin) levels, aligned with the monoamine deficiency hy-

pothesis, which posits that the fundamental physiological cause

of depression involves a reduction in serotonin, norepinephrine,

and/or dopamine within the CNS.51–53 A. muciniphila positively

influences host 5-HT levels in the intestine through factors like

its outermembraneproteinAmuc_1100,whichelevates intestinal

5-HT expression.54,55 When considering our findings with those

presented from these animal and human studies, there appears

to be a consistent negative correlation between the presence

and prevalence of Akkermansia and depressive behavior, with

multiple potential biological mechanisms.13 This recurring

pattern strongly suggests the potential utility of Akkermansia as
6 iScience 27, 111335, December 20, 2024
a viable strategy to alleviate depression

symptoms; however, further longitudinal

intervention studies with large samples

are needed.13

We found that the presence of a prena-

tal metal-clique, including high Zn and low

Cr in the second trimester and low Co in

the third trimester, was associated with a

higher depression index in children, and

the association was reduced in children

who had A. muciniphila in the GM. Previ-

ous research has indicated that heavy

metal exposure can initiate neuro-inflam-

mation, oxidative stress, hormonal imbal-

ances, and disruptions to neurotransmit-

ters like dopamine and serotonin, all of

which can contribute to the etiology of

depressive disorders.24,56–58 For example,
Rokoff et al. show that prenatal exposure to Pb was found to be

linked to increased anxiety symptoms during adolescence. In

contrast, prenatal exposure to Mn was positively correlated

with internalizing symptoms, particularly among girls from mid-

childhood through adolescence.18 Gari et al. report that prenatal

concentrations of micronutrients, Se and Zn, and neurotoxic

metals, Pb andHg, exert notable influences on the neuropsycho-

logical development of children at the age of 7.59 A previous

study by our group found that a metal-microbial clique of high

Zn in the second trimester, low Co in the third trimester, and

high abundance of Bacteroides fragilis and Faecalibacterium

prauznitzii in childhood was associated with increased depres-

sion scores.20 Co is a component of vitamin B12, which may

be associated with depression,60,61 and has been previously

associated with A. muciniphila.62 The results of our study in the

context of these previous findings suggest that in utero exposure

to metals could be, particularly important in contributing to the

development of anxiety and depression symptoms.

Exposure to metals can impact GM composition and function,

especially during early development. The existing body of knowl-

edge about the interactions between metals and Akkermansia in

human physiology is limited, and exposures during the prenatal

period appear entirely unexplored with Akkermansia. Our anal-

ysis did not indicate strong correlations between the prenatal

metal-clique signature and A. muciniphila; however, previous

research indicated that toxic metals like Cd, Pb, Cu, and Al

reduced A. muciniphila levels in mice and common carp.63–67

Shen et al., found that higher childhood blood Mn may lead

to lower mucin degradation and energy generation and is
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significantly associated with lower Akkermansiaceae.34 Their

findings indicate a potential association between metal expo-

sure in childhood and Akkermansia abundance, but they did

not find an association with earlier exposures. Although there

is limited evidence of interaction between Akkermansia in GM

and metal exposure, there is evidence of potential biological

mechanisms that may combine to influence human health. Metal

exposuremay alter the relative abundance ofAkkermansiawithin

the GM or reduce its ability to produce SCFAs,68,69 either of

which may reduce Akkermansia’s ability to communicate

with the CNS and potentially influence depression etiology.

A. muciniphila also helps strengthen the epithelial barrier in the

gut,70 while metal exposures can negatively impact gut barrier

function.71 Our finding of modification byA.muciniphila between

metal-cliques and depression may function through improved

epithelial barrier strength. Alternative mechanisms may also

exist, supporting the need for further investigation in this area.

While this study contributes to the growing body of evidence

concerning the adverse link between metal exposure, depres-

sion, and human GM, some limitations must be acknowledged.

The sample size limited our ability to make more robust conclu-

sions due to a lack of power. Nevertheless, consistent associa-

tions across various sensitivity analyses and using causal-infer-

ence methods boost the inferences, even though some

estimates did not reach statistical significance. The literature

points out the importance of physical activity during pregnancy

on trace elements, gut microbiota, and childhood depres-

sion.72,73 The level of physical activity among study participants

has not been evaluated in detail; therefore, we acknowledge this

as another limitation of this study. Additionally, measuring prena-

tal metal exposure through maternal blood during pregnancy is

suboptimal as it does not directly gauge fetal metal exposure.

For example, the presence of higher Pb levels in placental sam-

ples than in the umbilical cord points to the placenta’s role as a

potential barrier and to the fact that it probably accumulates Pb

throughout pregnancy.74–76 Furthermore, placental tissue had

the most abundance of metals like Mn, followed by maternal

serum, suggesting that Mn crosses the placenta via active trans-

port.74–76 In the analysis, we did not control the models by

diet-related covariates due to a lack of information collected dur-

ing the survey. However, in this ongoing PROGRESS cohort, we

are now collecting data using a food frequency questionnaire

that we will use as part of our future research. We further hypoth-

esize that the modifying effect of Akkermansia will be stronger in

a subgroup of children with relatively unhealthy diet patterns,

making the currently observed associations will more significant.

Strengths of this study include the novel investigation ofAkker-

mansia as a modifier of prenatal metal exposures and childhood

depression. Further, the earliest measurement of postnatal

microbiome was available in late childhood; therefore, we could

not include earlier stages of microbiome in this current analysis.

We performed robust statistical analysis, applying tools from

current state-of-the-art machine-learning and causal inference

literature and using the presence of A. muciniphila instead of

its relative abundance to minimize the plausibility of measure-

ment error. Our analysis of metal-clique signatures reflects the

application of a precision environmental framework. It further

adds novel insight into combinations of metal exposures
that are found in susceptible subgroups of the population, poten-

tially making them more vulnerable to childhood depression.

Findings from this study have translational potential, indicating

A. muciniphila as an intervention avenue to help prevent depres-

sion in children with prenatal metal exposures. Additional future

directions of this work include (1) mediation analysis with

depression measured later in adolescence and in vitro and

animal experiments to help establish the biological plausibility

of associations between metal exposures and A. muciniphila

and mechanisms of modification; (2) inclusion of additional

essential and non-essential metals during pregnancy for a

detailed ‘‘metallomics’’ mixture analysis.

In conclusion, this study suggests that subgroups of children

with specific patterns of metal exposures during pregnancy are

more likely to have higher depression symptoms, and the

presence of A. muciniphila may be associated with attenuating

that detrimental effect. Further observational, experimental,

and translational investigation is needed to fully understand the

occurrence, mechanisms, and potential interventions along

this pathway.

Limitations of the study
Although our study incorporates multiple layers of exposomics

and provides a unique perspective on prenatal metal exposure,

childhood GM, and depressive symptoms, there are a few

limitations to note. The cross-sectional nature of GM data and

depression symptom measurements prevents us from drawing

any inferences regarding causality. Additionally, the study’s

sample size is relatively small, even though we observed signif-

icant associations. But, it should be noted that a smaller sample

size can lead to higher type 2 errors and, therefore, lower power

to detect small effect sizes. Furthermore, the findings need to be

replicated in a separate cohort with possibly different geograph-

ical locations (with varying patterns of metal exposures). Lastly,

the lack of data on maternal and child diet and physical activity

levels needs to be considered while interpreting the results.
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87. Cumba-Avilés, E., López-Robledo, Y.M., Caro-González, W., and Ro-

sario-Nieves, I. (2020). Pilot Validation Study for the Spanish-language

CDI-2 among Adolescents from Puerto Rico. Rev. Puertorriquena Psicol.

31, 110–126.

88. Kamphaus, R.W. (2015). Behavior Assessment System for Children, Sec-

ond Edition (BASC-2). In The Encyclopedia of Clinical Psychology (John
Wiley & Sons, Ltd), pp. 1–6. https://doi.org/10.1002/9781118625392.

wbecp447.

89. Reynolds, C.R. (2010). Behavior Assessment System for Children. In The

Corsini Encyclopedia of Psychology (American Cancer Society), pp. 1–2.

https://doi.org/10.1002/9780470479216.corpsy0114.

90. McGuinn, L.A., Bellinger, D.C., Colicino, E., Coull, B.A., Just, A.C., Kloog,

I., Osorio-Valencia, E., Schnaas, L., Wright, R.J., Téllez-Rojo, M.M., et al.

(2020). Prenatal PM2. 5 exposure and behavioral development in children

from Mexico City. Neurotoxicology 81, 109–115. https://doi.org/10.

1016/j.neuro.2020.09.036.

91. Midya, V., Alcala, C.S., Rechtman, E., Gregory, J.K., Kannan, K., Hertz-

Picciotto, I., Teitelbaum, S.L., Gennings, C., Rosa, M.J., and Valvi, D.

(2023). Machine Learning Assisted Discovery of Interactions between

Pesticides, Phthalates, Phenols, and Trace Elements in Child Neurode-

velopment. Environ. Sci. Technol. 57, 18139–18150. https://doi.org/10.

1021/acs.est.3c00848.

92. Midya, V., and Gennings, C. (2023). Detecting Shape-based Interactions

among Environmental Chemicals using an Ensemble of Exposure-

Mixture Regression and Interpretable Machine Learning Tools. Stat.

Biosci 16, 395–415.

93. Imai, K., and Ratkovic, M. (2014). Covariate Balancing Propensity Score.

J. Roy. Stat. Soc. B Stat. Methodol. 76, 243–263. https://doi.org/10.

1111/rssb.12027.

94. Arnold, B.F., and Ercumen, A. (2016). Negative Control Outcomes: A Tool

to Detect Bias in Randomized Trials. JAMA 316, 2597–2598. https://doi.

org/10.1001/jama.2016.17700.

95. Buuren, S.v., and Groothuis-Oudshoorn, K. (2011). mice: Multivariate

imputation by chained equations in R. J. Stat. Software 45, 1–67.

96. Basu, S., Kumbier, K., Brown, J.B., and Yu, B. (2018). Iterative random

forests to discover predictive and stable high-order interactions. Proc.

Natl. Acad. Sci. USA 115, 1943–1948.

97. Kumbier, K., Basu, S., Brown, J.B., Celniker, S., and Yu, B. (2018).

Refining interaction search through signed iterative random forests. Pre-

print at arXiv. https://doi.org/10.1101/467498.

98. Shah, R.D., and Meinshausen, N. (2014). Random intersection trees.

J. Mach. Learn. Res. 15, 629–654.

99. Kobourov, S.G. (2012). Spring Embedders and Force Directed Graph

Drawing Algorithms. Preprint at arXiv. https://doi.org/10.48550/arXiv.

1201.3011.

100. Csardi, G., and Nepusz, T. (2006). The igraph software package for com-

plex network research. J. Complex Syst 1695, 1–9.

101. Csárdi, G., Nepusz, T., M€uller, K., Horvát, S., Traag, V., Zanini, F., and

Noom, D. (2023). igraph for R: R interface of the igraph library for graph

theory and network analysis. https://doi.org/10.5281/zenodo.8240644.

102. Greifer, N. (2023). Covariate balance tables and plots: A guide to the co-

balt package.

103. Ho, D.E., Imai, K., King, G., and Stuart, E.A. (2011). MatchIt: nonpara-

metric preprocessing for parametric causal inference. J. Stat. Software

42, 1–28. https://doi.org/10.18637/jss.v042.i08.
iScience 27, 111335, December 20, 2024 11

https://doi.org/10.3109/14767058.2014.998193
https://doi.org/10.3390/ijms23158078
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref77
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref77
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref77
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref77
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref77
https://mountsinaiexposomics.org/progress/
https://doi.org/10.1038/nmeth.3589
https://doi.org/10.1101/gr.216242.116
https://doi.org/10.1101/gr.216242.116
https://doi.org/10.1093/eep/dvaa014
https://doi.org/10.1097/EDE.0b013e31819b93c0
https://doi.org/10.1097/EDE.0b013e31819b93c0
https://huttenhower.sph.harvard.edu/kneaddata/
https://huttenhower.sph.harvard.edu/kneaddata/
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1002/9781118625392.wbecp419
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref87
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref87
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref87
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref87
https://doi.org/10.1002/9781118625392.wbecp447
https://doi.org/10.1002/9781118625392.wbecp447
https://doi.org/10.1002/9780470479216.corpsy0114
https://doi.org/10.1016/j.neuro.2020.09.036
https://doi.org/10.1016/j.neuro.2020.09.036
https://doi.org/10.1021/acs.est.3c00848
https://doi.org/10.1021/acs.est.3c00848
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref92
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref92
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref92
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref92
https://doi.org/10.1111/rssb.12027
https://doi.org/10.1111/rssb.12027
https://doi.org/10.1001/jama.2016.17700
https://doi.org/10.1001/jama.2016.17700
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref95
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref95
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref96
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref96
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref96
https://doi.org/10.1101/467498
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref98
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref98
https://doi.org/10.48550/arXiv.1201.3011
https://doi.org/10.48550/arXiv.1201.3011
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref100
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref100
https://doi.org/10.5281/zenodo.8240644
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref102
http://refhub.elsevier.com/S2589-0042(24)02560-4/sref102
https://doi.org/10.18637/jss.v042.i08


iScience
Article

ll
OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human gut microbial

Raw 16S rRNA data

Eggers et al.37 SRA: PRJNA975184

Blood metal measurement (included

manganese (Mn), cesium (Cs), antimony

(Sb), arsenic (As), selenium (Se), cadmium

(Cd), zinc (Zn), chromium (Cr), copper (Cu),

cobalt (Co), and lead (Pb))

Rodosthenous et al.77 National Institute of Environmental Health

Sciences: The Programming Research in

Obesity, GRowth, Environment and Social

Stress (PROGRESS) Cohort (nih.gov)

Software and algorithms

Code for rh-SiRF This paper https://github.com/vishalmidya/MiCA-

Microbial-Co-occurrence-Analysis/blob/

main/MiCA-vignette.md

R version 4.1.1 Open Source https://www.r-project.org/

Other

Programming Research in Obesity, Growth,

Environment, and Social Stressors

(PROGRESS) cohort

PROGRESS - Institute for Climate Change,

Environmental Health, and Exposomics

(mountsinaiexposomics.org)

National Institute of Environmental Health

Sciences: The Programming Research in

Obesity, GRowth, Environment and Social

Stress (PROGRESS) Cohort (nih.gov)
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study included data on 112 children (68 males and 44 females) aged 9-11 years from an ongoing prospective birth cohort study

conducted in Mexico City, Mexico. Summarized deidentified details on demographics are provided in Table 1. The research proto-

cols for both themain PROGRESS study and itsmicrobiome sub-study underwent thorough review andwere granted approval by the

Institutional Review Board at the Icahn School of Medicine at Mount Sinai in New York and the National Institute of Public Health in

Cuernavaca, Mexico.

METHOD DETAILS

Study population
PROGRESS is an ongoing prospective birth cohort study conducted in Mexico City, Mexico. During early pregnancy, this study

enrolled 948 women affiliated with the Mexican Social Security Institute. PROGRESS cohort is a well-characterized ongoing longi-

tudinal birth cohort that has been continuously funded since 2007.78 It closely tracked the development of the infants during their

early years, with assessments every six months initially and later biannually. Comprehensive longitudinal follow-up included surveys,

physical examinations, and psychological/behavioral evaluations. Biological samples from mothers and children, including blood,

were collected and archived at each visit. Additionally, a convenience subsample of participants (n = 123) contributed stool samples

from children aged 9–11 years.37 Of the 123 participants with stool samples, a subset of 112 participants had completed outcome

data. The current samples were chosen using a convenience sampling strategy due to time restrictions and the cost of gut microbial

sample analysis. As a posthoc power estimation, given the sample size and the observed effect sizes, this analysis is well-powered to

detect moderate to large standardized effect sizes at 80% power.

Blood metal measurements
Details on the bloodmetal measurements are available in our previous works and were discussed in detail.79,80 Briefly, during the 2nd

and 3rd-trimester visits (18.3 and 31.6 gestational weeks, respectively), maternal blood samples were collected using standard veni-

puncture.81 Blood specimens were drawn using tubes free from trace metals and stored at temperatures between 2�C and 6�C until

analysis. At the ‘‘trace metals laboratory of the Icahn School of Medicine at Mount Sinai’’ and using the ‘‘Agilent 8800 ICP Triple Quad

(ICP-QQQ) inMS/MSmode’’, multiple metal concentrations weremeasured, which includedmanganese (Mn), cesium (Cs), antimony

(Sb), arsenic (As), selenium (Se), cadmium (Cd), zinc (Zn), chromium (Cr), copper (Cu), cobalt (Co), and lead (Pb). The limits of detec-

tion for each metal were: 0.391 mg/L for As, 0.113 mg/L for Cd, 0.117 mg/L for Co, 0.901 mg/L for Cr, 0.122 mg/L for Cs, 1.862 mg/L for
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Cu, 0.442 mg/L forMn, 0.377 mg/L for Pb, 0.159 mg/L for Sb, 0.665 mg/L for Se, and 5.053 mg/L for Zn.Measurements were taken in five

replicates and reported as an average. The laboratory elemental analysis quality assurance and quality control (QA/QC) procedures

included the analyses of calibration standards in the range of 0.001 to 50 ng/ml, initial verification standards, and continuous

calibration verification standards. The QC samples consisted of (1) mixed element standards purchased from a different vendor

as the calibration standards at two different concentration levels, (2) procedural blanks, (3) 5% of samples prepared and analyzed

in duplicate, and (4) in-house pooled blood (IHB) samples at three levels to monitor the accuracy. Lastly, the certified reference ma-

terials were fromSeronormBlood (L2, L3) - SEROAS, Billingstad, Norway, andNIST SRM955c (L1, L2, L3, L4) ToxicMetal in Caprine

Blood, Gaithersburg, US. In order to evaluate the inter-day variability of the elemental analysis, two samples were prepared in large

quantities, and five aliquots of eachwere analyzed in every analysis batch: (1) oneQC solution containing the samematrix, spiked to a

final concentration of 5 ng/ml, and (2) one in-house no-spiked pooled blood sample that contains the elements studied below the 20

percentile of the US reported levels for each analyte. These two described the inter-day variability at a low but detectable exposure

level and an ultra-trace low level for each element. Further, these two concentrations help to illustrate the overall performance from

one batch to another. Since there is no certified value for the IHBmaterial, only the variabilities were reported. As the levels approach

the method limit of detection, the variability is expected to increase; a % relative standard deviation (RSD) below 25% is generally

accepted as sufficient. In our case, all of the five ng/ml QC samples fulfilled this criterion, while some ultra-trace elements in the IHB

material were below the method limit of detection and, therefore, showed high %RSD values. This method’s Lab recovery rates for

QC were 90% to 110%, and inter-day and intra-day precision is below 6% for samples with concentrations above the limit of quan-

tification.82 The method applied undergoes periodical proficiency testing accreditation by the Quebec Multielement External Quality

Assessment Scheme and the New York State Biomonitoring Program for Trace Elements.

Note that although the PROGRESS cohort currently has more than 20 available metal measures from the prenatal period, many

were measured in separate laboratories and using different instruments. We chose to include only this set of 11 metals to ensure

uniformity of instruments and similar lab procedures and to minimize any plausible batch effects.

Akkermansia muciniphila measurement
Details of the gut microbiome sampling and processing procedures have been previously published.37 Briefly, participants were re-

cruited during the 9-11-year PROGRESS study visit. Stool samples were collected by participants at home, processed using the Fast

method at the clinic inMexico City, and promptly stored at -70�C. Frozen samples were then shipped to theMicrobiome Translational

Center at Mount Sinai for microbiome sequencing analysis. The subsequent steps involved the processing and sequencing of the

samples in two distinct batches: the first batch containing 50 samples and the 2nd containing 73 samples. The NEBNext DNA Library

Prep kit was used for shotgun metagenomic sequencing, and DNA sequencing was purified using the Illumina HiSeq platform. The

sequencing reads were processed using KneadData,83 including trimming using Trimmomatic,84 and eliminating any human-asso-

ciated reads by alignment to a human reference genome using bowtie2.85 The remaining reads underwent analysis with MetaPhlAn2

and StrainPhlAn to ascertain detailed microbial taxonomy down to the species and strain levels.79,80 Results of the sequencing

process have been previously published.37 Only children with no antibiotic use within the past month were included in this sub-study.

We used the presence/absence of A. muciniphila for this analysis from the sequencing data; this was done to minimize the effect of

any measurement error in raw relative abundance data.

Depressive symptom measurement
As a part of the neurobehavioral follow-up in PROGRESS, childhood depressive symptoms were assessed using the Childhood

Depression Inventory (CDI) 2 Self-Report Short Version at ages 9-11 years.86 Part of the CDI formwas administered tomothers about

their children, and part was administered directly to the children. The CDI questionnaire is appropriate for participants aged 7-17

years and was validated in Spanish.87 Initially, the CDI was validated and standardized for U.S. children; however, the full-length vali-

dation of CDI-2 in Spanish ensures that it could also be used in theMexican children of the PROGRESS cohort. On a scale normalized

from 0 to 100, items are scored with higher scores implying worse depression symptoms. We also used the Depression subscale

from the Behavioral Assessment System for Children (BASC-2) for validation analysis.88,89 In a home and community setting,

BASC is useful in assessing children’s adaptive and behavioral problems.89 The Spanish version of BASC-2 was administered to

the children (self-reported) of ages 9-11 years. Multiple scales and composite scores are used within BASC-2, such as the

BASC-2 Developmental Social Disorders scale, the externalizing problems, internalizing problems, and the behavioral symptoms in-

dex. Since our aim was to use BASC-2 as a validation tool, we used the depression scale within the internalizing composite scores.

The raw scores from the scales were converted to age- age-standardized t-scores. Further, similar to CDI scores, a higher score on

BASC-2 depression t-score indicates worse depression symptoms. Further details on using BASC-2 in the PROGRESS cohort have

been described previously.90

Covariate data
We followed a similar set of minimal covariates in line with our previous work.38,91,92 Potential confounding variables used in this anal-

ysis encompassed a range of factors identified in previous literature and prioritized using DAGs. These included (1) the child’s re-

ported sex at birth, (2) age at the time of stool sample collection, (3) the socioeconomic status (SES) of the mother during pregnancy,

(4) the mother’s age at childbirth, (5) the mother’s 2nd-trimester body mass index (BMI) while pregnant, and (6) the batch of
iScience 27, 111335, December 20, 2024 e2
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microbiome analysis (two batches). Please findmore details about SES categories in our previous works. All of these covariates were

adjusted for in the statistical models. This sub-study utilized convenience sampling due to proximity to the study location, availability

of mothers and their children at a given time, or their willingness to participate in the study. Although there is potential selection bias

and residual confounding bias, we utilized advanced causal inference techniques to address such issues to the best of our ability. Our

analyses utilized the covariate-balancing techniques and negative control outcomes to address any systematic and potential selec-

tion and residual confounding biases. A covariate-balancing using propensity score is used in observational studies to eliminate the

risk of confounding by balancing the covariates between exposed and non-exposed groups, such that hypothetically, the exposure

was randomly assigned.93 A negative control outcome should not be causally related to the exposure of interest, and any observed

effect may indicate a potential for unmeasured confounding or bias.94

QUANTIFICATION AND STATISTICAL ANALYSIS

The Pearson correlation coefficient was used to estimate the correlation between prenatal metal exposures. The t-scored CDI was

log-transformed (log-tCDI) (later in the sensitivity analyses, similar results were replicated with non-log-transformed t-scored CDI).

Some covariates (maternal age and age at the time of stool collection) included less than 5% missing values; therefore, under the

assumption of missing at random, we imputed the missing values using predictive mean matching as implemented in the ‘‘MICE’’

R package.95 A false discovery rate was used to adjust formultiple comparison errors. The demographic details, including the sample

size and distribution of the outcome, are reported in Table 1.

The analysis was conducted in three stages. First, to set up the narrative, we used linear regression models to estimate the asso-

ciation between each individual metal and log-tCDI. The results were presented through a forest plot with beta estimates and cor-

responding 95%CI. Second, we estimated the association between the presence of A. muciniphila and log-tCDI using linear regres-

sion. Third, using an interpretable machine-learning algorithm and regression-based framework, we identified a metal-clique

signature that characterizes a certain subgroup of children and then estimated their associations with log-tCDI. Any two-tailed

p-value less than 0.05 will be considered statistically significant. Results from these analyses are presented in Figure 1.

Although the details can be found in previous works, we present and discuss this method comprehensively for interpretability and

further replicability.38,91,92 Ametal-cliques signature denotes a specific subgroup of children with certain patterns of metal exposure.

Therefore, it can be regarded as an indicator of metal combinations. We used the ‘‘repeated holdout signed-iterated Random For-

est’’(rh-SiRF),38,91,92 with themetal exposures during both the trimesters as predictors and log(t-CDI) as the primary outcome. The rh-

SiRF algorithm utilizes ‘‘Iterative Random Forests’’ and the ‘‘Random Intersection Trees’’ to search for combinations of metals that

are both predictive and associated with log(t-CDI) scores.96–98 A unique benefit of this model is that this algorithm finds the most

frequently occurring combinations on the decision path instead of searching for all possible combinations (231 two-order, 1540

three-order, for example). This algorithm uses a metric named ‘‘stability’’, which intuitively estimates how frequent a particular com-

bination of predictors is among all the trees. On a training/test data partitioning of 60%/40%, the algorithm was repeated 500 times

with 250 bootstraps implemented in each iteration. The list of most stable metal combinations (top 5%), along with their frequency of

occurrence, is presented in Table S3.We chose the top three from the list ofmost stablemetal combinations.We presented a closed-

loop network of this combination through the Fruchterman-Reingold Layout99 implemented through the igraph package in R.100,101 A

schematic of this closed-loop network is presented in Figure S2. Finally, this combination is transformed into a binarized indicator

using a ‘‘quantile-based threshold-finding’’ algorithm.

For improved inference, we used a matched-sampling strategy typically applied in causal inference analysis to obtain similar co-

variate distribution between children with or without A. muciniphila.102 The assumption is that, given the covariates, this balancing

approach can potentially create ‘‘exchangeable’’ groups of children with or without A. muciniphila such that they are hypothetically

randomly assigned, andmost importantly, the covariates did not confound the group assignment.39 We used a ‘‘subclass matching’’

procedure as implemented in the R package ‘‘MatchIt’’.103 This approach uses propensity scores based on all the covariates to clas-

sify participants into subclasses, which were thenweighted to balance the influence of the covariates for participants with vs. without

A. muciniphila. We used ‘‘love plots’’ of the differences in standardized means in covariates to examine the extent of the balancing.39

This love plot is presented in Figure S3. All the regression analyses were based on this covariate-balanced matched sample. Results

from this regression-based rh-SiRFmethod can be found in Figure 2.We further adjusted all themodels with the previously described

covariates. Lastly, we used the BASC-2 depression score to ensure that the results obtained with CDI scores remain similar (see

Figure 3).
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