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Multivariate	mediation	analysis	
with	microbiome	data

The	role	of	the	microbiome	in	human	disease,	
an	infectious	disease	approach
• Robert	Koch’s	(1843	- 1910)	postulates:

1. The	microorganism	must	be	found	in	abundance	in	all	
organisms	suffering	from	the	disease,	but	should	not	
be	found	in	healthy	organisms.

2. The	microorganism	must	be	isolated	from	a	diseased	
organism	and	grown	in	pure	culture.

3. The	cultured	microorganism	should	cause	disease	
when	introduced	into	a	healthy	organism.

4. The	microorganism	must	be	reisolated from	the	
inoculated,	diseased	experimental	host	and	identified	
as	being	identical	to	the	original	specific	causative	
agent.

…........…........…........…........
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(Fig. 1e). Thus, 7 weeks after starting the intervention, each of several
STAT exposures changed body composition but not overall weight.
Repeat STAT experiments showed similar results (Supplementary
Fig. 2). There were no significant differences in calculated feed effi-
ciency, expressed as weight gained per unit of feed consumed, between
the STAT and control mice. In a larger, confirmatory experiment to
assess when the morphometric changes appear, we began examining
the mice immediately at weaning. Both the STAT males and females
showed significantly increased early life growth rates (Supplementary
Fig. 3A), and fat mass in the STAT animals began to diverge from
controls by 16–20 weeks, in both males and females. Between 8 and 26
weeks, there were significantly increased rates of fat accumulation in
both female and male STAT mice (0.042 and 0.045 g week21, respect-
ively) compared to controls; female mice also showed significantly
increased total mass (Supplementary Fig. 3B). These studies confirm
the increased adiposity associated with STAT in females, show
parallel effects in males, and indicate that the morphometric changes
begin at the earliest time (day 22) of measurement.

Bone mineral density is increased in early-life growth
Bone mineral density (BMD) was evaluated by DEXA scanning in the
control and STAT mice after 3 and 7 weeks of exposure. At 3 weeks, the
BMDs in each of the five STAT groups (and overall) was significantly
increased compared to controls (Fig. 2a). By 7 weeks, the BMDs in all
mice increased, without significant differences between the STAT
(0.045 6 0.002 mg cm22) and control mice (0.046 6 0.003 mg cm22)
(Fig. 2a). Thus, an early bone developmental phenotype observed in
each of the STAT groups normalized by 7 weeks. Parallel observations
have been made in other STAT experiments (data not shown).

Increased GIP in STAT mice
To examine metabolic correlates to the changes in body composition,
we assessed GIP, an incretin synthesized by small intestinal K cells20

with receptors located on adipocytes that stimulates lipoprotein

lipase activity21. GIP was significantly elevated in the STAT mice
(39.1 6 2.5 pg ml21) compared to controls (24.4 6 4.2 pg ml21), with
the levels ranging from 34.3 6 6.1 pg ml21 in the penicillin group to
44.9 6 3.7 pg ml21 in the chlortetracycline group (Fig. 2b). Increases in
GIP levels are consistent with existing mouse models of obesity, such as
in IRS-1/GIPR and Kir6.2/GIPR double knockout mice that show
increased levels of GIP, adiposity and serum glucose22,23. GIP elevation
in STAT mice provides a mechanism for the observed adiposity
increase24,25, but also could be secondary to the metabolic changes.
There were no significant differences for fasting insulin-like growth
factor (IGF)-I, insulin, peptide YY, leptin, or ghrelin levels between
control and STAT mice (Supplementary Fig. 4). Glucose tolerance tests
performed during week 6 of the experiment showed a trend towards
hyperglycaemia in STAT mice (Supplementary Fig. 5).

STAT does not alter overall gut microbial census
To determine whether the STAT exposure leading to these metabolic
changes affected the GI tract microbiome, microbial DNA extracted
from faecal and caecal samples collected from the mice during the
week of euthanasia or at necropsy, respectively, were studied. DNA
concentrations measured from both caecal (77.62 6 33.51 ng ml21)
and faecal (23.79 6 14.41 ngml21) samples were not significantly dif-
ferent between control (n 5 10) and STAT mice (n 5 10 per group).
The census in the STAT and control mice, determined through quant-
itative PCR using 338F/518R universal primers (Supplementary
Table 1), showed no significant differences in bacterial counts or
fungal census among the STAT and control groups (Fig. 3a). These
data indicated that STAT exposure did not lead to substantial changes
in the overall microbial census, and next led to us to conduct an
assessment of the composition of the populations.

STAT alters the composition of intestinal microbiota
To assess microbial populations in the STAT and control micro-
biomes, we analysed the relative distribution of taxonomic groups
based on 16S rRNA v3 region sequence data. The extracted DNA
was subjected to 454 pyrosequencing, yielding 555,233 readable
sequences (5,784 6 676 sequences per sample with mean length
188 6 3 bp). The sequences were analysed at multiple (phylum to
genus) taxonomic levels (Supplementary Fig. 6 and Supplementary
Table 2). In both faecal and caecal samples, the ratio of Firmicutes to
Bacteria was significantly elevated in the STAT mice compared to
controls (Fig. 3b and Supplementary Fig. 7). Weighted Unifrac ana-
lysis of the dominant taxa (present in .1% of the total population)
showed a nonrandom clustering of STAT and control mice (P , 0.05)
(Fig. 3c). Importantly, deep branching was identified, with the mean
weight of mice on the two major branch points on the heat map being
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Figure 2 | Bone development and serum GIP measurements. a, After
3 weeks of STAT, bone mineral density was significantly increased in each
group (n 5 10 mice per group) compared to controls (*P , 0.05) but did not
persist at 7 weeks. b, Serum GIP levels measured at death were significantly
increased in the vancomycin, penicillin plus vancomycin, and chlortetracycline
groups and in the aggregate antibiotic group compared to controls (P , 0.05).
Data are presented as mean 6 s.e.m. Box plots show median 6 interquartile
range (IQR) and 95% ranges (whiskers).
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Figure 1 | Weight and body composition of control and STAT mice.
a, Weight gain did not differ between control and STAT mice (n 5 10 mice per
group). b, Representative DEXA show per cent body fat in control (22.9%; top)
and STAT (32.0%; bottom) mice. c, Total fat mass was significantly increased
(*P , 0.05) in all STAT groups compared to controls. d, Per cent body fat was
significantly increased in all STAT groups (all P , 0.05) except vancomycin.
e, Lean mass was lower in STAT mice, but not significantly different from
controls. Data are presented as mean 6 s.e.m. For all figures: all, all antibiotics;
C, controls; Ct, chlortetracycline; P, penicillin; P1V, penicillin plus
vancomycin; V, vancomycin.
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(Fig. 1e). Thus, 7 weeks after starting the intervention, each of several
STAT exposures changed body composition but not overall weight.
Repeat STAT experiments showed similar results (Supplementary
Fig. 2). There were no significant differences in calculated feed effi-
ciency, expressed as weight gained per unit of feed consumed, between
the STAT and control mice. In a larger, confirmatory experiment to
assess when the morphometric changes appear, we began examining
the mice immediately at weaning. Both the STAT males and females
showed significantly increased early life growth rates (Supplementary
Fig. 3A), and fat mass in the STAT animals began to diverge from
controls by 16–20 weeks, in both males and females. Between 8 and 26
weeks, there were significantly increased rates of fat accumulation in
both female and male STAT mice (0.042 and 0.045 g week21, respect-
ively) compared to controls; female mice also showed significantly
increased total mass (Supplementary Fig. 3B). These studies confirm
the increased adiposity associated with STAT in females, show
parallel effects in males, and indicate that the morphometric changes
begin at the earliest time (day 22) of measurement.

Bone mineral density is increased in early-life growth
Bone mineral density (BMD) was evaluated by DEXA scanning in the
control and STAT mice after 3 and 7 weeks of exposure. At 3 weeks, the
BMDs in each of the five STAT groups (and overall) was significantly
increased compared to controls (Fig. 2a). By 7 weeks, the BMDs in all
mice increased, without significant differences between the STAT
(0.045 6 0.002 mg cm22) and control mice (0.046 6 0.003 mg cm22)
(Fig. 2a). Thus, an early bone developmental phenotype observed in
each of the STAT groups normalized by 7 weeks. Parallel observations
have been made in other STAT experiments (data not shown).

Increased GIP in STAT mice
To examine metabolic correlates to the changes in body composition,
we assessed GIP, an incretin synthesized by small intestinal K cells20

with receptors located on adipocytes that stimulates lipoprotein

lipase activity21. GIP was significantly elevated in the STAT mice
(39.1 6 2.5 pg ml21) compared to controls (24.4 6 4.2 pg ml21), with
the levels ranging from 34.3 6 6.1 pg ml21 in the penicillin group to
44.9 6 3.7 pg ml21 in the chlortetracycline group (Fig. 2b). Increases in
GIP levels are consistent with existing mouse models of obesity, such as
in IRS-1/GIPR and Kir6.2/GIPR double knockout mice that show
increased levels of GIP, adiposity and serum glucose22,23. GIP elevation
in STAT mice provides a mechanism for the observed adiposity
increase24,25, but also could be secondary to the metabolic changes.
There were no significant differences for fasting insulin-like growth
factor (IGF)-I, insulin, peptide YY, leptin, or ghrelin levels between
control and STAT mice (Supplementary Fig. 4). Glucose tolerance tests
performed during week 6 of the experiment showed a trend towards
hyperglycaemia in STAT mice (Supplementary Fig. 5).

STAT does not alter overall gut microbial census
To determine whether the STAT exposure leading to these metabolic
changes affected the GI tract microbiome, microbial DNA extracted
from faecal and caecal samples collected from the mice during the
week of euthanasia or at necropsy, respectively, were studied. DNA
concentrations measured from both caecal (77.62 6 33.51 ng ml21)
and faecal (23.79 6 14.41 ngml21) samples were not significantly dif-
ferent between control (n 5 10) and STAT mice (n 5 10 per group).
The census in the STAT and control mice, determined through quant-
itative PCR using 338F/518R universal primers (Supplementary
Table 1), showed no significant differences in bacterial counts or
fungal census among the STAT and control groups (Fig. 3a). These
data indicated that STAT exposure did not lead to substantial changes
in the overall microbial census, and next led to us to conduct an
assessment of the composition of the populations.

STAT alters the composition of intestinal microbiota
To assess microbial populations in the STAT and control micro-
biomes, we analysed the relative distribution of taxonomic groups
based on 16S rRNA v3 region sequence data. The extracted DNA
was subjected to 454 pyrosequencing, yielding 555,233 readable
sequences (5,784 6 676 sequences per sample with mean length
188 6 3 bp). The sequences were analysed at multiple (phylum to
genus) taxonomic levels (Supplementary Fig. 6 and Supplementary
Table 2). In both faecal and caecal samples, the ratio of Firmicutes to
Bacteria was significantly elevated in the STAT mice compared to
controls (Fig. 3b and Supplementary Fig. 7). Weighted Unifrac ana-
lysis of the dominant taxa (present in .1% of the total population)
showed a nonrandom clustering of STAT and control mice (P , 0.05)
(Fig. 3c). Importantly, deep branching was identified, with the mean
weight of mice on the two major branch points on the heat map being
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Figure 2 | Bone development and serum GIP measurements. a, After
3 weeks of STAT, bone mineral density was significantly increased in each
group (n 5 10 mice per group) compared to controls (*P , 0.05) but did not
persist at 7 weeks. b, Serum GIP levels measured at death were significantly
increased in the vancomycin, penicillin plus vancomycin, and chlortetracycline
groups and in the aggregate antibiotic group compared to controls (P , 0.05).
Data are presented as mean 6 s.e.m. Box plots show median 6 interquartile
range (IQR) and 95% ranges (whiskers).
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Figure 1 | Weight and body composition of control and STAT mice.
a, Weight gain did not differ between control and STAT mice (n 5 10 mice per
group). b, Representative DEXA show per cent body fat in control (22.9%; top)
and STAT (32.0%; bottom) mice. c, Total fat mass was significantly increased
(*P , 0.05) in all STAT groups compared to controls. d, Per cent body fat was
significantly increased in all STAT groups (all P , 0.05) except vancomycin.
e, Lean mass was lower in STAT mice, but not significantly different from
controls. Data are presented as mean 6 s.e.m. For all figures: all, all antibiotics;
C, controls; Ct, chlortetracycline; P, penicillin; P1V, penicillin plus
vancomycin; V, vancomycin.
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ARTICLE
doi:10.1038/nature11400

Antibiotics in early life alter the murine
colonic microbiome and adiposity
Ilseung Cho1,2, Shingo Yamanishi1, Laura Cox3, Barbara A. Methé4, Jiri Zavadil5,6, Kelvin Li4, Zhan Gao3, Douglas Mahana3,
Kartik Raju3, Isabel Teitler3, Huilin Li7, Alexander V. Alekseyenko1,6 & Martin J. Blaser1,2,3

Antibiotics administered in low doses have been widely used as growth promoters in the agricultural industry since the
1950s, yet the mechanisms for this effect are unclear. Because antimicrobial agents of different classes and varying activity
are effective across several vertebrate species, we proposed that such subtherapeutic administration alters the population
structure of the gut microbiome as well as its metabolic capabilities. We generated a model of adiposity by giving
subtherapeutic antibiotic therapy to young mice and evaluated changes in the composition and capabilities of the gut
microbiome. Administration of subtherapeutic antibiotic therapy increased adiposity in young mice and increased
hormone levels related to metabolism. We observed substantial taxonomic changes in the microbiome, changes in
copies of key genes involved in the metabolism of carbohydrates to short-chain fatty acids, increases in colonic
short-chain fatty acid levels, and alterations in the regulation of hepatic metabolism of lipids and cholesterol. In this
model, we demonstrate the alteration of early-life murine metabolic homeostasis through antibiotic manipulation.

Antibiotics, discovered in the early twentieth century, came into
widespread use after the Second World War, with substantial
public health benefits. Antibiotic use has increased markedly, now
approximating one antibiotic course per year in the average child in
the United States1,2. However, there is increasing concern that
antibiotic exposure may have long-term consequences3–5.

For more than 50 years we have known that the administration of
low doses of antibacterial agents promotes the growth of farm animals,
consequently, in the United States, the largest use of antibiotics and
related antimicrobial substances is within farms, with low doses fed to
large numbers of animals used for food production to increase weight
gain by as much as 15%6,7. These effects are broad across vertebrate
species, including mammals (cattle, swine, sheep) and birds (chickens,
turkeys), and follow oral administration of the agents, either in feed or
water, indicating that the microbiota of the gastrointestinal (GI) tract is
a major target. That the effects are observed with many different classes
of antibacterial agents (including macrolides, tetracyclines, penicillins
and ionophores) indicates that the activity is not an agent-specific side
effect, nor have the effects been observed with antifungals or antivirals.

The vertebrate GI tract contains an exceptionally complex and
dense microbial environment, with bacterial constituents that affect
the immune responses of populations of reactive host cells8 and
stimulate a rich matrix of effecter mechanisms involved in innate
and adaptive immune responses9. The GI tract also is a locus of
hormone production, including those involved in energy homeostasis
(such as insulin, glucagon, leptin and ghrelin) and growth (for
example, glucose-dependent insulinotropic polypeptide (GIP) and
glucagon-like peptide 1 (GLP-1))10. Alterations in the populations
of the GI microbiota may change the intra-community metabolic
interactions11, modify caloric intake by using carbohydrates such as
cellulose that are otherwise indigestible by the host12, and globally
affect host metabolic, hormonal and immune homeostasis13. Full
(therapeutic) dose antibiotic treatments alter both the composition
of the gastrointestinal microbiota14 and host responses to specific

microbial signals15. In combination with dietary changes, antibiotic
administration has been associated with changes in the population
structure of the microbiome. However, the effects of exposure to
subtherapeutic antibiotic dosages have not been described.

Early studies of the effects of gut microbiota on metabolism were
limited by the use of culture-based technologies that interrogated
,5% of the extant GI tract microbes16. Culture-independent invest-
igation of small-subunit ribosomal RNA sequences allows the micro-
bial population structure17 of the gut microbiota to be characterized
with greater resolution. Despite inter-individual differences, substan-
tial similarities exist18 among mammalian species in the GI micro-
biota at higher taxonomic levels and functional pathways, indicating a
basis for the conserved responses to early-life subtherapeutic anti-
biotic treatment (STAT) within farms. Previous work has shown that
obesity leads to variation in the GI microbiome12,19; we use the insights
provided from modern agricultural practices to suggest an alternative
approach, using a murine model of STAT to explore how antibiotic
exposure modulates host metabolic phenotypes.

Early-life STAT increases adiposity
We exposed C57BL/6J mice at weaning to penicillin, vancomycin,
penicillin plus vancomycin, chlortetracycline, or no antibiotic in their
drinking water at levels in the mid-range of US Food and Drug
Administration (FDA)-approved levels for subtherapeutic antibiotic
use in agriculture6,7. After a 7 week exposure, the observed weights
were within the expected range of growth for female C57BL/6J mice,
and there was no significant difference in overall growth between the
STAT and control mice (Fig. 1a). However, by dual energy X-ray
absorptiometry (DEXA) scanning, (Fig. 1b) total fat mass was signifi-
cantly higher in all four groups of STAT mice than in the control
group (Fig. 1c). Per cent body fat also was increased in most
STAT groups compared to controls (Fig. 1d). Lean weight was not
significantly (P 5 0.24) different in the STAT mice (15.0 6 0.1 g
(mean 6 standard error)) compared to controls (15.4 6 0.3 g)
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Causality	via	germ-free	experiments	(postulate	3)

Altering the Intestinal Microbiota
during a Critical Developmental Window
Has Lasting Metabolic Consequences
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SUMMARY

Acquisition of the intestinal microbiota begins at
birth, and a stable microbial community develops
from a succession of key organisms. Disruption of
the microbiota during maturation by low-dose anti-
biotic exposure can alter host metabolism and
adiposity. We now show that low-dose penicillin
(LDP), delivered from birth, induces metabolic
alterations and affects ileal expression of genes
involved in immunity. LDP that is limited to early life
transiently perturbs the microbiota, which is suffi-
cient to induce sustained effects on body composi-
tion, indicating that microbiota interactions in infancy
may be critical determinants of long-term host meta-
bolic effects. In addition, LDP enhances the effect of
high-fat diet induced obesity. The growth promotion
phenotype is transferrable to germ-free hosts by
LDP-selected microbiota, showing that the altered
microbiota, not antibiotics per se, play a causal
role. These studies characterize important variables
in early-life microbe-host metabolic interaction and
identify several taxa consistently linked with meta-
bolic alterations.

INTRODUCTION

Obesity, a complex disease, can increase the risk of diabetes,
heart disease, and cancer (Vucenik and Stains, 2012). Along
with dietary excess and genetic polymorphisms, the trillions of
microbial cells in the intestinal microbiota can contribute to
obesity by increasing energy extraction (Turnbaugh et al.,

2006) or by altering metabolic signaling (Samuel et al., 2008)
and inflammation (Cani et al., 2008; Henao-Mejia et al., 2012;
Vijay-Kumar et al., 2010). Obese and lean humans differ inmicro-
biota compositions, and these phenotypes can be transferred to
germ-free mice (Ley et al., 2005; Ridaura et al., 2013), high-
lighting the need for greater understanding of microbiota-host
metabolic interactions.
Because early life is a critical period for metabolic develop-

ment (Cunningham et al., 2014; Dietz, 1994; Knittle and Hirsch,
1968), microbiota disruption during this window could lead to
changes in body composition. In humans, early-life microbiota
disruption, either due to delivery by Caesarian section (Domi-
nguez-Bello et al., 2010) or antibiotics, is associated with
increased risk of overweight status later in childhood (Ajslev
et al., 2011; Blustein et al., 2013; Huh et al., 2012; Murphy
et al., 2013; Trasande et al., 2013), although in mice, antibiotic
exposure can increase or decrease weight, depending on the
dose, diet used, or strain (Dubos et al., 1963).
For decades, farmers have been exposing livestock to

low doses of antibiotics to promote growth; the earlier in
life that exposure begins, the more profound the effects (Crom-
well, 2002; http://www.fda.gov/animalveterinary/products/
approvedanimaldrugproducts/default.htm). We have applied
the agricultural model of growth promotion to interrogate funda-
mental host-microbe metabolic relationships. We previously
showed that early-life subtherapeutic antibiotic treatment in-
creased fat mass, altered metabolic hormones, hepatic meta-
bolism, and microbiota composition (Cho et al., 2012). Here,
we extend these studies using low-dose penicillin (LDP) as a
model agent disrupting the microbiota. We examined whether
timing of LDP exposure is critical, whether synergies exist
between penicillin and dietary effects, and whether the altered
microbiota is sufficient to yield metabolic phenotypes. Our ex-
periments answered each of these questions in the affirmative.

Cell 158, 705–721, August 14, 2014 ª2014 Elsevier Inc. 705



7/13/19

3

Microbiome	as	a	mediator	in	human	health

Experimental	conditions
• Healthy	vs.	disease
• Exposure/Treatment

Microbiome

Changes	in	the	host
• Gene	expression
• Inflammatory
•Metabolic
• Immune,	etc.

?

Single	Mediator	Model	(SMM)

Let	
• X	be	independent,	
• Y	be	dependent,	and	
• M	be	mediator	
variables	SMM	models	linear	
relationships	between	them	as	

• ! = #$ + &' + ($;
• ! = #* + &+' + ,- + (*;
• - = #. + /' + (.,

• where	
• #$, #*, #. are	intercepts,	
• & and	&′ quantify	unadjusted	and	
adjusted	effect	of	the	independent	
variable	on	the	dependent	one,	
and	
• / is	relating	independent	variable	
and	the	mediator,	
• , is	relating	the	mediator	and	the	
dependent	variable,	and	
• ($, (*, (. model	unexplained	
variability.
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Multiple	Mediator	Models	for	Microbiome	Data

• Jie Zhang,	Zhi Wei	and	Jun	Chen	“A	distance-based	approach	for	
testing	the	mediation	effect	of	the	human	microbiome”	
Bioinformatics	2018
• Joint	test	of	conditional	association	of	the	mediator	with	response,	based	on	
eigen decomposition	of	the	multivariate	distance	metrics.

• Michael	B.	Sohn and	Hongzhe Li	“Compositional	Mediation	Analysis	
for	Microbiome	Studies”	bioArxiv
• Takes	into	account	compositional	nature	of	microbiome	data
• Builds	a	shrinkage-based	estimation	procedure	to	establish	mediation

• All	of	these	allow	for	univariate	exposure	and	response	and	
multivariate	mediator

Testing	framework	for	mediation	analysis

Simina	M.	Boca,	Rashmi	Sinha,	
Amanda	J.	Cross,	Steven	C.	Moore,	
Joshua	N.	Sampson	“Testing	multiple	
biological	mediators	
simultaneously”.	Bioinformatics.	
2014	Jan 15;30(2):214-20.
• Permutation-based	test	that	jointly	
establishes	significance	of:
• 2(4, !),	2(4,-),	and	2(67|9, 6:|9)
• Where	

• 2(. , . ) is	correlation
• 67|9 and	6:|9 are	residuals	after	
regression	of	E	on	M	and	Y,	
respectively.
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What	if	M	is	multivariate?

2(4, !)

2(4,-) 2(67|9, 6:|9)

From	unpublished	book	“Statisticians	talking	
about	fruit”

If	we	want	to	study	the	dependence	between	oranges	and	apples	then	
it	is	hard	to	add	or	multiply	them	but	it	is	always	easy	to	do	the	same	
with	their	distances.	

- Gábor J.	Székely
…	current techniques	of	meta-analysis	do	little	more	than	take	
weighted	averages	of	the	various	studies,	thus	averaging	apples	and	
oranges	to	infer	properties	of	bananas.	

- Judea	Pearl



7/13/19

6

Multivariate	dependence	via	distance	
correlation

Pearson	correlation
• Data:	 '<, !< , = = 1,… , @
• Centered	data:	
• A< = '< − '.; C< = !< − !.

• Covariance:	
• DEF ', ! = $

G
∑ A<C<
�
<

• Correlation:	
• 2 J, K = 	 MNO(P,Q)

MNO P,P MNO(Q,Q)�

Distance	correlation
• Data:	 RS, TS , = = 1,… , @
• Distance:	

• /<U = RS − RV ;
• ,<U = TS − TV

• Centered	distance:	
• A<U = /<U − /<. − /.U + /..;
• C<U = ,<U − ,<. − ,.U + /..

• Distance	covariance:	
• WDEF ', ! = $

G
∑ A<UC<U
�
<U

See	Szekely,	Rizzo,	Bakirov(2007)	Ann.	Statist.	35/7

Partial	Distance	Correlation

• Let	R*(X,Y)	be	bias	corrected	dCor(X,Y)	(no	time	to	develop	in	this	talk)

• Define	pdCor similarly	to	Pearson/Fisher	partial	correlation:

•XWDE6 ', !; Y = Z∗ \,: ]Z∗ \,^ Z∗(:,^)

$]Z∗ \,^ _� $]Z∗ \,: _�

• pdCor is	valid	for	all	X,	Y,	Z	in	arbitrary	dimensions,	not	necessarily	the	
same.
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!",", !",$, … , !",&' (",", (",$, … ,(",&) *",", *",$, … , *",&+
⋮ ⋮ ⋮

!-,", !-,$, … , !-,&' (-,", (-,$, … ,(-,&) *-,", *-,$, … , *-,&+

. / 0

)23(. 5×5 = (∗) )29(0 5×5

)2:(/ 5×5
2;<=

23(.
), 2:(

/)
>2;<= 23(0), 2:(/), 29(.)

∗ =
23 !",., !",. = 0 23(!",., !$,.) ⋯ 23(!",., !-,.)
23(!$,., !",.)

⋮ ⋱ 23(!$,., !-,.)
⋮

23(!-,., !",.) 23(!-,., !$,.) ⋯ 23 !-,., !-,. = 0

n data points for >C exposure, >D mediator, and >E response variables 

Figure 1. Visual description of the MODIMA test statistic.

MedTest by	Jie Zhang, Zhi Wei, Jun	Chen

• Consider	diagonalization	of	a	doubly-centered	distance	matrix:
• Eigenvectors,	eigenvalues: `a, `b, … , `V ; (c$, c*, … , cU)

• The	basis	of	the	MedTest statistic	is	the	weighted	average	of	the	
component—wise	effects:
• d = ∑ cU	| < ', `V >×< !, `V > |h

Ui$

• To	test	for	association	permutations	of	X,	Y	and	both	are	considered.
• These	disrupt	the	possible	relationships	between	X	and	M,	Y	and	M,	or	both,	
providing	a	way	to	estimate	all	three	null	hypotheses	jointly,	by	taking	the	
maximum.



7/13/19

8

• 4~k 0,1

• M~n4 + k 0, o7
*

• o7* = 1 − n*

• Y~q4 + r- +k 0, o:
*

• o:* = 1 − o7
* ∗ r* − nr + q *

Simulation	results

Simulated	microbiome	data

• Simulation
• Draw	E
• E	defines	mixture	coefficient	alpha	for	two	different	microbiota	types
• Draw	M	as	the	mixture
• Compute	alpha	diversity	of	M	and	use	that	as	a	link	to	mediated	effect
• Draw	R	from	E	and	computed	alpha	diversity	above
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Performance	in	simulated	microbiome	data

Application	of	MODIMA	in	STAT	data
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Application:	Gut	microbiome	mediation	of	
mercury	absorption	in	pregnant	women

Contemporaneous	mediation

Stool-MeHg

Early	Pregnancy Late	Pregnancy

µBiome

Blood-MeHg

Stool-MeHg

µBiome

Blood-MeHg

Dcor =	0.14 Dcor =	0.39

Dcor =	0.10

P	=	0.21
Pdcor =	0.05
E	=	0.006

Dcor =	0.02 Dcor =	0.05

Dcor =	0.02

P	=	0.35
Pdcor =	0.02
E	=	0.0003
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The	universe	of	all	other	possible	causal	
models

Stool-MeHg

Early	Pregnancy Late	Pregnancy

µBiome

Blood-MeHg

Stool-MeHg

µBiome

Blood-MeHg

Joint	Mediation

Stool-MeHg

Early	Pregnancy Late	Pregnancy

µBiome

Blood-MeHg

Stool-MeHg

µBiome

Blood-MeHg

Dcor =	0.05

Dcor =	0.07

Dcor =	0.15

P	=	0.22
Pdcor =	0.06
E	=	0.003
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Alternative	approach

• Michael	B.	Sohn and	Hongzhe Li	“Compositional	Mediation	Analysis	
for	Microbiome	Studies”
• Takes	into	account	compositional	nature	of	microbiome	data
• Builds	a	shrinkage-based	estimation	procedure	to	establish	mediation
• Missing	publicly	available	implementation


