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Outline 

•

•

•

•

•

Systematic review of available data 
 
Meta-analysis of summary risk estimates 
 
Combined analysis of primary raw data 
 
Categorical regression of toxicity severity scores 
 
Conclusions 
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Systematic Review 

Comprehensive and reproducible 
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Meta-analysis 

Estimating the risks 
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Quality Scoring of Observational Studies 

Quality scoring of cohort studies 

Quality scoring of case-control studies 



Meta-analysis 

Discovering new relationships 
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Systematic Review of  
Factors Affecting the Onset and Progression of 

Neurological Conditions 

•
•
•
•
•
•
•

ALS 
Alzheimer’s disease 
Brain cancer 
Cerebral palsy 
Dystonia 
Epilepsy 
Huntingdon’s disease 
 

•
•
•
•
•
•
•

Hydrocephalus 
Neurotrauma 
Multiple sclerosis 
Muscular dystrophies 
Parkinson’s disease 
Spina biffeda 
Tourette’s syndrome 

Consider pre-existing systematic reviews 
to reduce the volume of work (with AMSTAR scoring) 
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Risk Factors Possibly Affecting the Onset of 
Priority Neurological Conditions 

Classify weight of evidence as sufficient , limited, or inadequate 
using simplified criteria 
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Systematic review summarizes the evidence, 
but does not necessarily weigh the evidence 



Combined Analysis of Primary Raw Data 

Explore modifying factors and heterogeneity 
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Exposure-response Curves for Individual and Combined Studies 

All Data 
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Categorical Regression 
 

 “An empirical modeling approach that involves the 
application of regression analysis and the 
organization of response data in the form of 
ordered categories of severity in order to predict the 
probability of achieving a particular severity 
category as a function of one or more independent 
variables (i.e., duration and concentration).” 

- US EPA CatReg Manual 

• Can be used to model multiple studies and endpoints 
simultaneously using a common toxicity metric 
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Dose-response relationships for essential trace elements are complex 

Dose (Concentration) 

Essentiality 
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Homeostasis 
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Copper Dose-response Modeling: Phase I 

Copper Dose-response Working Group (2002) 



Criteria Used for Exclusion of Studies 

 
Most Useful                                                                                                                             Least Useful 

1 

Multiple dose or  
multiple outcomes  
from intact animals  
or humans 
 
Adequate Reporting 
 
Physiological  
Measures 

2 

Multiple or single  
dose from intact  
animals or  
humans 
 

 
 

 
 

Fairly Good  
Reporting

Likely to yield  
useful  
information

Change in time  
Points 
 
Cellular effects 

3 

Single dose or  
clinical study /  
case report  with  
indeterminate  
dose 
 

 
 

 
 

 

 

Tracer or PK  
Study

Info re. body  
burden or kinetics

Mechanistic or  
cellular effects

4 

No dose  
information
 

 
 

Physiological  
information

Review 

5 

No  
Utility 
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Selection of Studies 
(Phase I: studies published through to 2002) 

~600 Papers 

Selected through criteria: 
92 papers 

Animal 
Species (6) 

# Doses 

•

•

Single dose 

Repeat dose 

Systems 
Affected (24) 

Routes of  
administration 

•

•

•

Water 

Capsule 

Feed 

Copper species 
(~10) 

McLaughlin Centre for Population Health Risk Assessment 



Severity Scoring 

Deficiency Endpoints Severity  
Score  

Toxicity Endpoints  

Cu burden; metallothionein;  
urine Cu 
 

 
 
 

 

 
 

 
 
 
 
 

 
 
 
 

 

0 Cu burden; metallothionein; urine  
Cu 

Loss of Cu-dependent enzyme  
function (SOD); Changed blood  
cell number or function 

1 Changes in cholesterol and  
triglyceride levels in blood/liver;  
large Cu burden; body weight;  
nausea; diarrhea; enzyme changes  
without histopathology 
 

 

Organ weight changes; plasma  
glucose/insulin; heart rate; EKG  
changes; minor histopatholgy;  
white blood cell activity/counts 

2 Body weight; anemia; hemolysis;  
vitamin levels; liver enzymes;  
inflammation; organ weight  
changes 

Mortality; gross histopathology  
reproductive function changes  

3 Death; gross histopathology  
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Gross 
deficiency 

Loss of Cu 
enzyme activity 

Molecular 
manifestations 

Molecular 
manifestations 

Loss of Cu 
enzyme activity 

Gross 
excess 

Metabolic 
perturbations 

Metabolic 
perturbations 

Deficiency Excess Deficiency Excess 

Essentiality 



Copper Toxicity Database (Phase I) 
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Copper Toxicity Database (Phase I): 
Number of Observations by Species and Severity Level 
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Copper Toxicity Database (Phase I): Data Displayed 
by Excess/Deficiency, Species, and Severity 

Deficiency/Excess Deficiency Excess 
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Humans 

Rats 

Mice 



Copper Dose-response Modeling (Phase I) 
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McLaughlin Centre for Population Health Risk Assessment 
A WHO/PAHO Collaborating Centre 
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•

Interspecies Scaling 

Interspecies scaling based on four dose metrics: 
 
  Body weight:   mg/kg bw/day 
  Surface area:  bw2/3 
  Intermediate:  bw3/4  (Travis & White, 1988) 

  Total intake:  mg/day 
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Copper Dose-response Modeling: Phase II 

Copper Dose-response Working Group (2009) 



Severity 
Score 

Response  

AR
O

I 

Copper Excess 

6 Death 

5 Irreversible Gross Excess 

4 Reversible Gross Excess 

3 Metabolic Perturbation 

2 Early Biological Indicators Altered Cu Metabolism 

1 Homeostatic Adaptation to High Intakes 

No Effect 
0  

No change compare to controls  
0 

1 Homeostatic Adaptations to Low Intakes 

Copper Deficiency 

2 Early Biological Indicators of Def Cu Levels 

3 Metabolic Perturbation  

4 Reversible Gross Deficiency 

5 Irreversible Gross Deficiency  

6 Death 
26 
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Number of Observations 
by Species and Severity Score 
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Goodness of Fit 
 Under Alternative Model Specifications 
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Model Stratification Options 
(Species, Exposure Medium, Age)  
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 Cumulative Odds Model for Copper Excess 
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 Cumulative Odds Model for Copper Deficiency 
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Dose-Response Curves for  
Copper Deficiency and Excess 
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Optimal Intake of Copper 

Using this model, an optimal intake level of 
2.6 mg Cu/day was determined.  This value is higher 
than the current US recommended dietary intake 
(RDI; 0.9 mg/day) that protects against toxicity from 
copper deficiency.  It is also lower than the current 
tolerable upper intake level (UL; 10 mg/day) that 
protects against toxicity from copper excess. 
 

Chambers et al. (2010) 
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Extended Copper Dose-response Modeling  

•

•

•

CatReg was designed to model increasing relationships 
 
To model deficiency, it is necessary to  impose an increasing 
relationship 
 

It is not possible to model excess and deficiency simultaneously  
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A New Approach to Modeling U-shaped Curves 

A Joint Model for Excess and Deficiency (JMED) 
 
Assuming the response variable has been dichotomized, the JMED is defined  
to capture dose concentration and origin of toxicity in one well-defined model.  

The JMED model is expressed as:  
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JMED Components 
The JMED is comprised of excess and deficiency components.  

The log odds of a non-normal response for deficiency and excess, respectively, are: 
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Investigating the Point of Intersection  

The intersection point between the excess and 

deficiency curves has been named the  

equiprobable crossover point (EPCP).   

The EPCP represents the concentration level where the probability of excess 
is equivalent to the probability of deficiency.  
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The Independence Model  

In addition to the EPCP, a second quantity of interest is the probability  
of excess or deficiency, or both.  

The Independence Model is expressed as: 
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The Independence Model: Investigating xMINDUE 

xMINDUE represents the dose that will minimize the probability of a departure 
from a normal reading.   

There is no closed form solution for xMINDUE   Solve numerically using Newton’s Method  
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Application of the JMED to Copper 
•

•

•

The inclusion of indicator variables for rats and mice facilitates a 
     species-specific analysis where humans are considered the baseline 

Results developed for the general case EPCP and xMINDUE will readily extend 
 
 

Define  

The species-stratified JMED is : 



Optimal Intake of Copper 

xMINDUE = 2.73 mg/day 
 
  

For humans, a daily oral intake of 2.73 mg will minimize the probability of a departure 
from a non-normal response attributed to excess or deficiency. The 95% confidence  
interval for xMINDUE  is (1.57, 4.46) and is analogous to an acceptable range of oral intakes.   
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 Conclusions 
•

•

•

•

Systematic review useful in summarizing the available 
evidence to support both hazard identification and risk 
estimation 
The results of the systematic review still needs to evaluated 
with respect to both quality and weight of evidence for 
causality 
Meta-analysis and combined analysis useful for obtaining 
an overall summary measure of risk, based on good quality 
available data 
Categorical regression provides an approach to combining 
data from multiple studies on diverse endpoints in different 
test systems 
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Possible New Paradigm for QRA:  
 

SR   +   MA/CA/CR   =   Unit risk  
 

 
 
 
 
 
 
 

Summarize 
the 

evidence 

Quantify 
the 

evidence 

Best possible 
overall estimate 

of risk 
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