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Translational 
• Maps
• Integrative
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Presentation Theme

“Bridging research in exposure science and disease mechanisms 
through spatial statistics to protect public health” 

Predictive
• Interpolation
• Uncertainty 
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History of Spatial Statistics (a.k.a. Geostatistics)

Mining
• Matheron and Krige

• Developed  spatial 
statistical methods to 
estimate ore content 
from core samples 
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History of Spatial Statistics (a.k.a. Geostatistics)

Forestry
• Matérn

• Developed correlation 
models for spatial 
variation
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History of Spatial Statistics (a.k.a. Geostatistics)

Petroleum 
Engineering

• Used to evaluate the oil 
and gas field reservoirs 

• Uses geology and seismic 
data 



Health Science
• Used in geo and non-geographical 

applications with correlated 
variables 

• Wide scale adoption for 
statisticians and engineers in 
exposure applications
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History of Spatial Statistics (a.k.a. Geostatistics)



Toxicology

The next frontier for spatial statistics?
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History of Spatial Statistics (a.k.a. Geostatistics)

Resurrection Trail | © USDA Forest Service Alaskan Region/Flickr



The Power of Spatial Statistics:
(1) estimate relationships accounting for correlation 

(2) interpolate at unmonitored locations
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𝑌𝑌 = 𝜇𝜇 𝒔𝒔, 𝑡𝑡;𝛽𝛽 + 𝜀𝜀 𝒔𝒔, 𝑡𝑡;𝜎𝜎 + 𝜂𝜂(𝒔𝒔, 𝑡𝑡;𝜃𝜃)

Mean 
trend 

i.i.d. 
error

Correlated 
error

• 𝜇𝜇 𝒔𝒔, 𝑡𝑡;𝛽𝛽
• 𝑋𝑋𝛽𝛽

𝒔𝒔 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠𝑡𝑡𝑠𝑠𝑙𝑙𝑙𝑙, 𝑡𝑡 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑙𝑙𝑡𝑡𝑠𝑠𝑠𝑠 𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠𝑡𝑡𝑠𝑠𝑙𝑙𝑙𝑙
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Build upon existing toxicological methods

1. Using spatial methods to inform human exposure estimates and uncertainty
2. Risk-based prioritization of chemicals 

• Requires exposure
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*Maniatis et al. Spatiotemporal Dynamics of 
Molecular Pathology in Amyotrophic Lateral 
Sclerosis. Science. 2019, 364, 89–93.

Expanding upon and developing new spatial methods in toxicology

• Expand approaches to toxicology-
relevant –omics databases

• Example databases:
• ArrayExpress
• Gene Expression Omnibus
• DrugMatrix
• TG-Gates
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*Maniatis et al. Spatiotemporal Dynamics of 
Molecular Pathology in Amyotrophic Lateral 
Sclerosis. Science. 2019, 364, 89–93.

Expanding upon and developing new spatial methods in toxicology

• Expanding methods in the 
Aggregate Exposure Pathway 
(AEP) and Adverse Outcome 
Pathway (AOP)

• Toxicokinetics / PBPK modeling
• Correlated data 
• Multi-stressors
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• Five short, descriptive ideas

• Examples from my own research

• Examples from other published studies 

Vignettes



Spatial statistics can be used to 
explicitly quantify in 
hazard and exposure assessments
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Spatial methods can be applied to high-throughput methods 
to quantify exposure and uncertainty

• Alternative models, in vitro methods, and in silico approaches 
are rapidly growing 

• Provide information on where more in situ is needed
• Risk-based Priority Assessment of Chemicals



Case Study: Radon and Cancer

Krewski et al 2006 (Pooled 
Analysis): “… results 

provide direct evidence of 
an association between 

residential radon and lung 
cancer risk” 

A biokinetic model 
suggests the stomach 

may receive a 
significant dose
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• In-situ data was 
compiled

• Integrate three 
datasets of 
groundwater 
radon

Spatial prediction 
used in exposure 

assessment
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Model Variable Crude OR Age- and Gender 
Adjusted OR

Fully Adjusted OR

Stomach cancer 
cluster membership

Groundwater radon 
(per 100 Bq/L)

1.22 (1.02,1.46) 1.21 (1.01,1.45) 1.24 (1.03,1.49)



Can we improve the risk estimates 
by including toxicokinetic 
modeling?

18



In-vivo dose-response

# 𝑙𝑙𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑠𝑠/𝑏𝑏𝑡𝑡𝑡𝑡𝑠𝑠 𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑙𝑙𝑠𝑠𝑡𝑡𝑠𝑠
𝑠𝑠𝑡𝑡𝑙𝑙𝑡𝑡𝑠𝑠𝑙𝑙𝑎 𝑠𝑠𝑠𝑠𝑡𝑡𝑜𝑜𝑠𝑠𝑙𝑙𝑡𝑡 𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠
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• Uncertainty is 
introduced at 
each step

• Spatial methods 
can quantify the 
propagation of 
uncertainty

Modeled Radon 
concentrations

Stomach dosimetry model Teeguarden, J.G.; Mikheev, V.B.; Minard, K.R.; Forsythe, W.C.; Wang, W.; Sharma, G.; Karin, N.; 
Tilton, S.C.; Waters, K.M.; Asgharian, B.; et al. Comparative iron oxide nanoparticle cellular dosimetry 
and response in mice by the inhalation and liquid cell culture exposure routes. Part. Fibre Toxicol. 2014, 
11 (46).
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**Sipes et al. An Intuitive Approach for Predicting Potential 
Human Health Risk with the Tox21 10k Library. Environ. Sci. 
Technol. 2017, 51 (18), 786–796.

**

Modeled air pollution 
concentrations

Opportunities to map the likelihood of biological human 
activity

Risk characterization mapping with 
direct links to biological activity
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Spatial model-based health impact assessment framework

Toxicokinetics modeling

Epidemiological / Toxicological Research

Demographics, population p(s,t)

Space/Time Mapping

Uncertainty evaluation

Hazard Identification

Exposure assessment, A(s,t)

Internal Dose, B(s,t)

Health effect assessment, H(s,t)

Population impact assessment, L(s,t)



Spatial Modeling as an approach 
to Identify Hazard from Health 
Outcomes
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1. Map the 
disease
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2. Identify “hot-
spots” with spatial 

analysis
3. What exposures 

are possible, but 
hazard is 

unknown?



Translating AOPs into human 
health exposure science research
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Molecular 
Initiating Event

• Molecular 
Interactions

KER Key Event

• Cellular 
Responses

KER Key Event

• Organ 
Responses

KER Key Event

• Organism 
Responses

KER Adverse 
Outcome

• Population 
Responses

1. Better Statistical 
Power for Rare Events

2. Preventative Health

Implement and Translate Epidemiological Findings into AOP Key Events

Design spatial statistics-based epidemiological studies to inform/test AOPs



Geospatial model-
based exposure 

assessment

Personal monitor: 
bioavailable fraction

Bioavailable 
concentration

Molecular 
Initiating Event

Disease 
Outcome

Asthma cohort

How do personal vs model-
based exposure 
assessments affect dose-
response relationships? 

Opportunities for translating AOP in my K99 research 
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Bioavailable 
concentration

Molecular 
Initiating Event

Disease 
Outcome

Is this an empirical 
relationship that can be 
stochastically quantified 
and transferrable across 

domains?
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Geospatial model-
based exposure 

assessment

Personal monitor: 
bioavailable fraction

Opportunities for translating AOP in my K99 research 

Asthma cohort
e.g., ↑ DNA damage,

Epigenetic modifications



Modeling the human body from a 
spatial statistics perspective to 
improve toxicokinetics
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The human body from a spatial statistics perspective

Two Possible 
Applications

1. Physiologically 
based 
pharmacokinetic 
models

2. Medical Imagery 
Analysis
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Game Time 
River or Blood Vessels? 
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Covariance functions can include non-Euclidian 
distance metrics

Geostatistical 
models used for 

surface water are 
amenable to the 

human body

F
L
O
W
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Jat, P.; Serre, M. L. Bayesian Maximum Entropy space/time estimation of surface water chloride 
in Maryland using river distances. Environ. Pollut. 2016, 219, 1148–1155.

Euclidian distance River distance≤



Maps can help improve hazard 
and risk communication
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Mapping Urban Air Pollution at High Resolution
with Google Street View Cars

1. Map neighborhood “hot-spots” 
2. Connect with local area health outcomes
3. Analyze how local air pollution impacts health
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Examples of Improved Risk Communication from Maps
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Maps demonstrating unequitable distribution of hazard and exposure impacts

Tale of Two Freeways

• All measured pollutants 
were consistently higher 
on I-880 compared to I-
580

• I-580 has a heavy duty 
truck ban

• Heavy duty trucks are 
forced onto I-880 to get 
to the Port of Oakland
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Many novel ideas for expanding upon or developing new 
approaches with spatial statistics for the field of toxicology 

• Hazard identification and exposure assessment

• PBPK modeling 

• Hazard and Risk Communication

• Adverse Outcome Pathway 

• Mixtures studies

Conclusions
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