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Population Level Disparities
• Cardiovascular 
• Diabetes
• Cancer 
• LBW, PTB, IM
• m-ZIKV(+/-)

Physical 
Environment
• Air
• Water
• Soil

Disparate Health Outcomes
Morbidity/Mortality
Immune System/ Immuno-suppression
Neuro-cognitive developmental delay
Longevity and other chronic diseases

Built Environment
Live
Work
Play
Pray

Individual

Omics
Metabolomics
Transciptomics
Microbiomics
Epigenomics
Genomics

Behaviors
Smoking
Alcohol
Drugs
Diet/Nutrition
Consumer Products

Policy Environment
Federal
State
Local
Laws & regulations

Public Health Exposome Framework 
w/ BD2K Analytics

Moderating Factors
Nutrition, Literacy,
Positive parenting
Social networks

Safe neighborhoods
Personal behaviors

Social Environment
• Race/Ethnicity
• Education 
• Income/Employment
• Health Insurance
• Culture

Place matters with regard to health care disparities and disparate health outcomes
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Exposure to Chemical & Non-Chemical Stressors



US EPA STAR Investigative Team
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THE PUBLIC HEALTH EXPOSOME MODEL 

PUBLIC(HEALTH(
EXPOSOME(

Southern Gateway Communities
Stambaugh-Elwood Neighborhood (SE)*

Reeb-Hosack Neighborhood (RH)*
Innis Gardens Village Neighborhood (IG)

Merion Village Neighborhood (MV)
Vassor Village (VV)

Hungarian Village (HV)
Near East Neighborhoods (43203)

Supervised and unsupervised clustering, parametric and non-
parametric, combinatorial algorithms and paraclique analysis

Public Health Exposome framework



BD2K analytics to interrogate significance of “Place” 
in high-risk census tracts
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PHE Tool Chain



BD2K analytics to interrogate significance 
of “Place” in high-risk census tracts
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Heterogeneous Data

Secondary Environmental Data Sets Primary Environmental Data Sets

Non-Pairwise Associations 
(Bayesian networks) Pairwise Associations 

(Correlation Matrix)

Directed Graphs

Global Analysis Between 
Theoretical Constructs 

(Network Shrinkage)

Local Analysis 
within Theoretical 

ConstructsSupervised Groups Analysis 
(Multivariate Network)

Weighted Graphs

Testable Hypotheses

Exploratory Analysis

Input to Environmental & Public Health Policy

Validation Studies 
(Model Curation)

Unsupervised 
Community Search 
(Dense Subgraphs)

Unweighted Graphs
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Figure 1. Geographic 
distribution of ZIKV 
infection did not 
match with 
microcephaly 
outbreaks during the 
2015-2016 ZIKV 
epidemic 
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From; Brady OJ, Osgood-Zimmerman A, 
Kassebaum NJ, Ray SE, de Arau´jo VEM, da 
No´brega AA, et al. (2019) The association 
between Zika virus infection and microcephaly 
in Brazil 2015–2017: An observational analysis 
of over 4million births. PLoS Med 16(3): 
e1002755.https://doi.org/
10.1371/journal.pmed.1002755
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INDIVIDUAL
LIFESPAN

COMMMUNITY

• Genes
• Other biological traits
• Needs (Maslow)
• Behavioral Factors
• Psychosocial Factors

• Physical Environment
• Built Environment
• Social Environment
• Policy Environment

• Social Supports
• Community Assets
• Access to Care
• Pre-Existing Conditions

MODERATING FACTORS

…alternative hypotheses as to 
other determinant factors that explain how the built, 

natural, physical and social environment interact with… 
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METHODOLOGY
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Collected and curated public frequency data to calculate all controlled statistical associations  
among 382-variables describing 16-determinant factors, incidence of concurrent health outcomes,
and m-ZIKV+ surveillance from 5,565 municipalities in Brazil.

Test the hypothesis that multiple factors are associated with microcephaly incidence positive for Zika 
infection (m-ZIKV+). 

Characterize specific patterns of associations with multiple factors, and contrast that pattern with the 
patterns of associations with those factors that were exhibited in three types of Controls: 

1) microcephaly incidence negative for Zika infection (m-ZIKV-), 
2) Low Birth Weight (LBW, indicator of infant morbidity), and 
3) Births (B, as a proxy for healthy newborns) 

Comparative Network Inferential Analysis

1,810 cases of m-ZIKV+ and during 2016
3,924 cases of m-ZIKV- during 2016
5,734 microcephalic babies in one year 
117,326 low birth weight (LBW) cases 
863,153 births (B) 



Table 1. Determinants of health 
and health outcomes related to 
microcephaly attributed to ZVI 
included in the model. For each 
determinant are included 
Cronbach alpha values. [0.70 and 
above is good, 0.80 and above 
is better, and 0.90 and above is 
best].



• To control associations from spuriousness and confounding, squared higher order partial 
correlations (pcor2) were used as proxies for effect size, complemented by zero-order 
correlations (zcor) and partial correlations (pcor), each with the corresponding significant p-values 
evaluated after correction for multiple comparisons. 

• Macroanalyses compared subnetwork structures by statistical tests between distributions of their 
network indices and by advanced network structural methods of graphlet distance. 

• Microanalyses assessed the details explaining the differences by comparing the fingerprints of all 
aligned subnetworks. 

• Subnetwork fingerprints corresponded to visualizations of ordered weighted associations 
between matching pairs of variables in each subnetwork.

Methodology (Continued)
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Exposome Wide Association Study-based 
determination of  ZVD context networks

Context networks derived from Exposome framework 
and BD2K analytics demonstrating associations of 
multiple determinant factors with Zika Virus Disease 
incidence in Brazil’s municipalities during the 2015-
2016 outbreak. Groups of variables within each 
determinant factor are shown. 

Four colors show strongest positive partial 
correlations (dark blue), strong (green), negative 
strongest (dark red), and strong (light red) partial 
correlations among variables/nodes. A, shows the full 
network, including labels. B, corresponds to the 
threshold network by graphlet optimally far from 
random network. C, corresponds to threshold network 
clustering coefficient-based optimally far from random 
network. (Cifuentes et al., 2021)

A

B C
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Evaluated the patterns of factors associated with case and control phenomena by extracting the corresponding 
subnetworks. The case subnetwork included all interdependent nodes directly linked to m-ZIKV+ incidence 

(Figure 2. Panel A). Control subnetworks included all nodes directly linked with m-ZIKV- incidence (Figure 2. 
Panel B), LBW (Figure 2. Panel C), and Births (B) (Figure 2. Panel D).

Figure 2. General pattern of 
factors associated with 
microcephaly is unspecific 
for m-ZIKV+

Extracted Subnetworks 
(A-D) from the 0.65 threshold 
context network (Fig. 1) by 
the method of k=1-neighbors. 

m-ZVI- Sub-networkm-ZVI+ Subnetwork

LBW Subnetwork Births (B) Subnetwork

i

iii

Null hypotheses 
non rejected

H0: A=B
H0: ρ=0

Null hypotheses 
partially non rejected
Moderate Correlation Null hypotheses rejected in favor to  Hi: A≠D

                                                           Hi: ρ≠0

ii

RESULTS

A B

C D
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Figure 2. General pattern of 
factors associated with 
microcephaly is unspecific for 
m-ZIKV+

• Oscillation amplitude of control 
subnetworks pcor2 show the 
smallest differences between 
m-ZIKV+ and m-ZIKV-

• Moderate differences between 
m-ZIKV+ and LBW (indicator of 
infant morbidity)

• Robust differences between 
m-ZIKV+ and B (as a proxy for                

healthy newborns) 
• Flat red line indicates no 

connections.

m-ZVI- Sub-networkm-ZVI+ Subnetwork

LBW Subnetwork Births (B) Subnetwork

i

iii

Null hypotheses 
non rejected

H0: A=B
H0: ρ=0

Null hypotheses 
partially non rejected
Moderate Correlation Null hypotheses rejected in favor to  Hi: A≠D

                                                           Hi: ρ≠0

ii

RESULTS
A B

C D



Figure 3. Factors that explained the non-specific 
pattern of associations of microcephaly incidence 
positive for Zika infection (m-ZIKV+)

• In general agreement with the recent work reported by Brady et 
al., 2019, comparisons by this method suggested that the 
patterns of factors associated with case m-ZIKV+ and control m-
ZIKV- subnetworks were analogous.

• Among the three, intermediary factors had a slightly higher 
influence. 

• By contrast, for the LBW-subnetwork, factors in the social 
structure and intermediary scales were significant. 

• For the B-subnetwork, factors in all three scales had low-to-
moderate effects. 

Legend: Heat bands summarizing patterns of association of 
each subnetwork. Values of zcor, pcor, pcor2 are visualized by 
color gradients that are analogous to single columns of heat 
maps. The descending ordered pcor2 within determinants of 
ZIKV+ is the reference pattern (first column, teal shade). 
Panel A, bands by the three broad scales of determinants. 
Panel B, Bands by Determinant factors. 
Panel C, Bands by single variables within factors.



Figure 4. Factors in the scale of structural determinants.

• In the microcephaly incidence positive for Zika infection 
(m-ZIKV+) subnetwork, links with race/ethnicity and social 

class had the highest avg-pcor2.

• The factor of social class mainly included variables describing 
vulnerability.

• Occupation’ factor showed a moderate avg-pcor2 by nodes of 
‘labor force,’ “unemployment proportion’ (general and by race), 
and ‘unemployment in the environmental field’ as the only 
specific occupational sector involved. 

• Conversely, ‘income’ and ‘education’ factors had very low avg-
pcor2. Inside the income factor, ‘mean income’ and ‘Theil index 
for work revenues’ had high pcor2, while ‘income of 20% 
richest’ and ‘per-capita GDP’ had moderate pcor2

• Inside the education factor, only ‘enrollment of 5-6year-old’ 
and ‘illiteracy’ were associated respectively, by moderate and 
low pcor2. Minor differences of the m-ZIKV--subnetwork were 
due to links with ‘unemployment in the construction sector’ 
inside the occupation factor, and linked absence with ‘per-
capita GDP’ in the income factor (Fig. 4B).



Figure 5. Factors in the scale of structural determinants.

In the control LBW-subnetwork, the determinants of race, social 
vulnerability, and occupation in the structural scale stood out 
based on avg-pcor2. 

Within the race determinant White, mixed, and Black had the 
highest pcor2; all social vulnerability variables were linked except 
‘woman head of family’. These association patterns inside each 
of the determinants were similar to those in the microcephaly 
incidence positive for Zika infection 
(m-ZIKV+) subnetwork. 

In the control B-subnetwork, the determinant of race also had the 
highest avg-pcor2, but, in contrast to the associations in the m-
ZIKV+-subnetwork, education, income, and occupation were 
relevant. Per capita GDP, illiteracy (determined without reference 
to race), primary school enrollment, participation in the labor force 
by members of yellow and indigenous races, and self-
employment were remarkable nodes with high pcor2. 

While the LBW-subnetwork and the B-subnetwork have 
significant associations with a number of the same structural 
determinants, the most obvious observation is the fact that those 
associations have opposite signs for each subnetwork, 
respectively.



Figure 6. Factors of the intermediary scale.

• These factors convey underlying social stratification of structural 
factors, by determining differences in exposure and vulnerability to 
health-compromising conditions and includes material, 
psychosocial, behavioral, and biological factors. Among the three 
scales, the intermediary scale contributed the most to the 
microcephaly incidence positive for Zika infection (m-ZIKV+) 
subnetwork (Fig. 4B), and all its factors were associated with that 
subnetwork. 

• ‘Childhood development’ had the highest avg-pcor2 of the factors, 
mainly due to the value of this factor in the LBW-subnetwork. 
Similarly, the avg-pcor2 of the intermediary scale in the LBW-
subnetwork was the highest due to the contributions of all 
determinants with main roles in the ‘undernourishment’ node and 
factors of ‘social relationships’ and the ‘health system.’  In the B-
subnetwork conversely but as expected, association with problems 
of ‘childhood development’ was absent. 

• The factor of social relationships includes variables about marital 
status. Most marital status variables had associations in the m-
ZIKV+-subnetwork 

• These data support the view that different types of family 
relationships (protective/stable, unstable and/or weak) offer a 
similar substrate to cases of microcephaly and LBW, but not to 
cases of normal birth. 



Figure 7. Factors in the scale of the role of health systems 
in health outcomes. 

• Involves access to care and health interventions. This factor had 
similar avg-pcor2 in case and control subnetworks, however the 
opposite sign of avg-pcor in the B-subnetwork that comports with 
health care having a different role for healthy and ill populations.

• Immunizations are recognized preventive health measures and the 
focal point w/r re-emergence of infectious diseases that will threaten 
populations. The (immunity) interventions are not straightforward 
and encompass diverse results from positive (cross-immunity) to 
negative (sporadic secondary undesired effects). 

• In the control LBW-subnetwork, a wider variety of customary 
vaccinations during 2015 and 2016 were associated with a with 
lower pcor2. 

• Broader pattern of vaccinations was present in B-subnetwork with 
almost all pcor with opposite signs. This grounded the interpretation 
of other subnetworks and for discerning the potential protective role 
of vaccinations. 

• For other health care interventions, the connection between 
‘prenatal care’ and microcephaly incidence positive for Zika 
infection (m-ZIKV+) was the strongest and pcor2 successively 
decreased in the m-ZIKV--subnetwork to the LBW-subnetwork to 
the B-subnetwork. 
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m-ZVI+ m-ZVI- LBW B comparison line
Hr 361 according to municipality of exposure  0.969 0.971 0.953 -0.506
Hr 370 according to municipality of residence  0.993 0.986 0.885 -0.650
Hr 379 according to municipality of notification  0.997 0.986 0.855 -0.701

m-ZVI+ m-ZVI- LBW B comparison line
Hr 361 according to municipality of exposure  0.940 0.943 0.908 0.256
Hr 370 according to municipality of residence  0.987 0.971 0.783 0.423
Hr 379 according to municipality of notification  0.993 0.972 0.731 0.492

Poisoned by metals partial correlations (pcor) 

Poisoned by metals squared partial correlations (pcor2) 

m-ZVI+ m-ZVI- LBW B comparison line
Hr 357 according to municipality of exposure  0.880 0.898 0.985 0.000
Hr 366 according to municipality of residence  0.855 0.871 0.968 0.000
Hr 375 according to municipality of notification  0.729 0.759 0.926 0.000

m-ZVI+ m-ZVI- LBW B comparison line
Hr 357 according to municipality of exposure  0.775 0.807 0.969 0.000
Hr 366 according to municipality of residence  0.731 0.759 0.937 0.000
Hr 375 according to municipality of notification  0.532 0.576 0.858 0.000

Poisoned by Agrochemicals used in public health for mosquito control - partial correlations (pcor) 

Poisoned by Agrochemicals used in public health for mosquito control - squared partial correlations (pcor2) 

m-ZVI+ m-ZVI- LBW B comparison line
    Im 202 Aedes Rapid Index of Infestation 0.000 0.000 -0.470 -0.584
    Im 203 Larvae Predominant in water tanks -0.963 -0.982 -0.926 0.000
    Im 204 Larvae Predominant in residency -0.940 -0.916 -0.652 0.890
    Im 205 Larvae Predominant in waste -0.916 -0.883 -0.614 0.906

m-ZVI+ m-ZVI- LBW B comparison line
    Im 202 Aedes Rapid Index of Infestation 0.000 0.000 0.221 0.341
    Im 203 Larvae Predominant in water tanks 0.927 0.963 0.858 0.000
    Im 204 Larvae Predominant in residency 0.883 0.840 0.425 0.792
    Im 205 Larvae Predominant in waste 0.839 0.780 0.378 0.821

LIRAa Aedes Rapid Assessment of infestation and breeders - partial correlations (pcor) 

LIRAa Aedes Rapid Assessment of infestation and breeders - squared partial correlations (pcor2) 

m-ZVI+ m-ZVI- LBW B comparison line
                   Ib 174 Female Population 45-49y 0.814 0.785 0.904 0.000
                   Ib 173 Female Population 40-44y 0.555 0.513 0.759 0.000

m-ZVI+ m-ZVI- LBW B comparison line
                   Ib 174 Female Population 45-49y 0.663 0.617 0.818 0.000
                   Ib 173 Female Population 40-44y 0.307 0.263 0.576 0.000

       Late fertile age women - squared partial correlations (pcor2) 

         Late fertile age women - partial correlations (pcor) 
m-ZVI+ m-ZVI- LBW B comparison line

                                           Is 148 Married 0.935 0.922 0.955 -0.488
                                           Is 153 Couple living 0.791 0.778 0.943 0.000

m-ZVI+ m-ZVI- LBW B comparison line
                                           Is 148 Married 0.873 0.850 0.912 0.238
                                           Is 153 Couple living 0.625 0.605 0.889 0.000

                  Couples - partial correlations (pcor) 

               Couples - squared partial correlations (pcor2) 

m-ZVI+ m-ZVI- LBW B comparison line
                              Sr 137 Race - Black -0.991 -0.996 -0.873 0.635
                              Sr 139 Race - Mixed -0.990 -0.993 -0.914 0.578
                              Sr 141 Race - Non declared -0.985 -0.988 -0.831 0.677
                              Sr 136 Race - White 0.973 0.968 0.946 -0.540
                              Sr 138 Race - Yellow 0.666 0.600 0.000 -0.963
                              Sr 140 Race - Indigen -0.628 -0.616 0.000 0.763

m-ZVI+ m-ZVI- LBW B comparison line
                              Sr 137 Race - Black 0.982 0.992 0.761 0.403
                              Sr 139 Race - Mixed 0.981 0.987 0.836 0.334
                              Sr 141 Race - Non declared 0.970 0.977 0.690 0.459
                              Sr 136 Race - White 0.947 0.937 0.896 0.291
                              Sr 138 Race - Yellow 0.444 0.360 0.000 0.927
                              Sr 140 Race - Indigen 0.395 0.379 0.000 0.583

       Race - partial correlations (pcor) 

       Race - squared partial correlations (pcor2) 

m-ZVI+ m-ZVI- LBW B comparison line
             Cp 18 Interinstitutional consortium for 
                         environment 0.603 0.541 0.000 -0.697

m-ZVI+ m-ZVI- LBW B comparison line
             Cp 18 Interinstitutional consortium for 
                         environment 0.363 0.293 0.000 0.485

       Environmental policies - partial correlations (pcor) 

       Environmental policies - squared partial correlations (pcor2) 

m-ZVI+ m-ZVI- LBW B comparison line
                                               Ce 4 Theil Index 0.000 -0.472 -0.725 0.000
                                               Ce 5 Gini Index 0.000 -0.460 -0.684 0.000

m-ZVI+ m-ZVI- LBW B comparison line
                                               Ce 4 Theil Index 0.000 0.223 0.526 0.000
                                               Ce 5 Gini Index 0.000 0.212 0.468 0.000

                        General Income distribution - partial correlations (pcor) 

                     General Income distribution - squared partial correlations (pcor2) 

m-ZVI+ m-ZVI- LBW B comparison line
                Si 64 Theil index for work revenues -0.781 -0.768 -0.775 0.000
                Si 51 Perc. Income of 20% richest -0.598 -0.578 -0.577 0.000
                Si 67 Percapita GDP -0.515 0.000 0.000 0.899

m-ZVI+ m-ZVI- LBW B comparison line
                Si 64 Theil index for work revenues 0.610 0.590 0.601 0.000
                Si 51 Perc. Income of 20% richest 0.358 0.334 0.332 0.000
                Si 67 Percapita GDP 0.266 0.000 0.000 0.808

                 Income distribution - partial correlations (pcor) 

         Income distribution - squared partial correlations (pcor2) 

Environmental Policies common to both 
types of microcephaly 

Differences in Macroecomomic Indicators 
between both types of microcephaly 

Unequal distribution of municipal income 
between positive and negative m-ZIKV. 

Inverse proportional relationship of m-
ZIKV+/- in higher income populations.

Differential involvement of white couples and 
late fertile age women populations showed 
potential biological vulnerabilities.

There is an associated relationship of ZIKV-
related microcephaly with mosquito breeding 
but not with mosquito populations.

Because these associations are even higher 
with LBW, this observation should dampen 
the enthusiasm for the effectiveness of this 
intervention.

The collective relationships presented for 
both types of microcephaly is an emergent 
factor to explain non-ZIKV-related 
microcephaly.

Figure 8. Summary of the Analysis 
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Comparative network inferential analysis of patterns of factors associated with Zika virus infections in Brazil during 
2015-2016 coinciding with a microcephaly epidemic identified multiple contributing determinants that advances our 
understanding of the effects of exposures to chemical and non-chemical stressors in the built, natural, physical, and 
social environment.

The results revealed latent factors, their central roles and convergence to suggest that effects related to ZIKV-
microcephaly incidence in Brazil were not specific to Zika infection and were common to both types of microcephaly. 

Diagnostic failure to discern Zika infection during the epidemic likely explains this result. This suggests 
underestimation of the size of Brazil’s ZIKV+ microcephaly incidence. Alternatively, assuming that diagnostic 
uncertainty similarly affected both groups makes evident that microcephaly is a complex event where multiple 
causes and mediators converge. 

Zika diagnostic tests deserve a general inclusion in antenatal screenings, even more, if multiple modes of 
transmission increase uncertainty about infection risk. Above all, improving diagnostic tests is critical. 

Public heath interventions include the spread of agrochemicals to control mosquito populations. An extensive 
presence of mosquitoes implies widespread exposure to these agrochemicals. Therefore, in addition to the links 
intuitively found between Zika infection, its vector, and m-ZIKV+, a link between the co-occurrence of this 
nonselective exposure and microcephaly is suggested. These data are in support of molecular data on exposures to 
the insecticide pyriproxyfen with dampening of neurodevelopmental processes particularly in areas with ZIKV 
prevalence.

OVERALL SUMMARY
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Exposome Wide Association Study-based 
determination of  ZVD context networks

Context networks derived from Exposome framework 
and BD2K analytics demonstrating associations of 
multiple determinant factors with Zika Virus Disease 
incidence in Brazil’s municipalities during the 2015-
2016 outbreak. Groups of variables within each 
determinant factor are shown. 

Four colors show strongest positive partial 
correlations (dark blue), strong (green), negative 
strongest (dark red), and strong (light red) partial 
correlations among variables/nodes. A, shows the full 
network, including labels. B, corresponds to the 
threshold network by graphlet optimally far from 
random network. C, corresponds to threshold network 
clustering coefficient-based optimally far from random 
network. (Cifuentes et al., 2021)

A

B C



Thank you!
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