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Hypothesis-Framing Studies



1991 Gulf War Environmental Exposures 
Identified by the Defense Science Board, 1994*
• OP chemical warfare agents 

(sarin, cyclosarin)**
• OP pesticide spraying
• OP pesticides on uniforms
• DEET insect repellants
• Pyridostigmine bromide
• Ciprofloxacin
• Chloroquine
• Multiple immunization 

including anthrax vaccine

• Smoke from oil well fires
• Fumes from jet fuel sprayed on 

roads
• Fumes from burning jet fuel in 

tent stoves
• Petroleum in drinking water
• Depleted uranium
• CARC pain
• Combat stress/PTSD (the 

official explanation in 1994)
*Also by the NIH Consensus Conference 1994; etc.
**Pentagon officially denied that chemical weapons were in theater.



Number of CW Alarms Logged with the NBC Cells of 
the Central Command, Army Central Command and 
VII Army Corps During Conflict Period of Gulf War 

Tuite, Haley. Neuroepidemiology 2013;40:160-177 

M8A1 
organophosphate 
detector used at 
the unit level



Detection Threshold of the M8A1 OP Detector is Above 
EPA’s Acute Exposure Guideline Level 2 for Sarin

When soldiers heard 
alarms, they were 
being exposed to sarin 
levels (AEGL-2) 
sufficient to cause 
“irreversible or 
serious long-lasting 
health effects.”*

*National Research Council. 
Acute Exposure Guidelines for 
Selected Airborne Chemicals, Vol 
3.  National Academy Press 2012

Tuite, Haley. Neuroepidemiology 2013;40:160-177 



May 25, 1994
U.S. Senate’s “Riegle Report” Details Credible 
Chemical Weapon Exposures During Gulf War

Pentagon responds with denial of any chemical weapons in theater.
James J. Tuite, III



Detections of Sarin Among U.S. Troop Positions
On third night of the Air War 18-19 Jan, Coalition bombers destroyed chemical 
weapons storage sites at Muthanna and Fallujah, the next morning 10,000 chemical 
alarms started sounding and continued intermittently for over a week.

Tuite, Haley. Neuroepidemiology 2013; 40: 160-177



Explanation  for How 
Sarin Transited 
Hundreds of Kilometers 
from Bombing Sites to 
U.S. Troop Positions

James J. Tuite, III
Intelligence Expert
Head Staffer for Senator Riegel’s 
1994 Investigation

Tuite, Haley. Neuroepidemiology 2013; 40: 160-177



Alarms were Due to Low Level Nerve Gas Exposure
On third night of the Air War 18-19 Jan, Coalition bombers destroyed chemical 
weapons storage sites at Muthanna and Fallujah, the next morning 10,000 chemical 
alarms started sounding and continued intermittently for over a week.

Tuite, Haley. Neuroepidemiology 2013; 40: 160-177



First Multivariable Analysis of Risk Factors
For GWI (N=249)

Syndrome Exposure RR P value

1 Wore flea collar (chlorpyrifos) 8.2 .001
Impaired cognition Military security 6.4 .007

2 Chemical nerve agent exposure 7.8 <.0001
Confusion-ataxia Many advanced side effects of PB 32.4 <.0001

N.E. Saudi on 4th day of Air War* 4.3 .004

3 Many advanced side effects of PB 5.1 <.0001
Central pain Index of DEET insect repellant use 7.8 <.0001

*Paths crossed near Khafji on Jan. 19-20, 1991.
Haley RW, Kurt TL. JAMA 1997;277:215-222.



10 of 11 epidemiologic 
studies that included a 
nerve agent risk factor 
found an association 

with GWI.



15 studies identified 
mechanisms by which low-
level, subclinical sarin (or 

DFP) exposure causes 
chronic cellular pathology 
with behavioral changes 

resembling GWI.



Genetic Predisposition to Sarin Toxicity: 
Paraoxonase-1 (PON1) Q192R and Isoenzyme Assay

Dr. Bert La Du
U. of Michigan
“Father of PON 
Biochemistry”



PON1 Q192R Substrate Specificity

• The PON1 gene directs production of the PON1 family of serum 
isoenzymes that hydrolyze:
– OP pesticides (parathion, diazinon, chlorpyrifos, etc.)
– OP warfare nerve agents (sarin, tabun, soman, VX, Novichok)

• The Q192R polymorphism strongly affects the hydrolytic efficiency for 
the different substrates.
– The Q isoenzyme efficiently hydrolyzes nerve agents.
– The R isoenzyme efficiently hydrolyzes pesticides.

• Q192R provides a natural experiment to differentiate etiologies.
– GWI associated with having 192R allele (low Q isoenzyme) supports nerve agent.
– GWI associated with having 192Q allele (high Q isoenzyme) supports pesticides.



Lower PON1 Type Q Isoenzyme Levels in Blood 
of Ill Gulf War Veterans than Controls (N=43)

Haley RW, Billecke S, La Du BN. Toxicol Appl Pharmacol 1999; 157: 227-233
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5 experimental studies established that the PON1 192Q 
isoenzyme protects from neurotoxic effects of low-level sarin



The Pre-Stated Hypothesis



Pre-stated Hypothesis:

If GWI was caused by low-level sarin, it will be associated with 
a gene-environment (GxE) interaction between G having the 
PON1 192R allele (low 192Q isoenzyme) and E having heard 

nerve agent alarms in the war.

Note: The PON1 enzyme was named for its ability to hydrolyze 
paraoxon (“paraoxonase”), but this is a property of the 192R 
isoenzyme and thus does not hydrolyze sarin efficiently. 



Pre-stated Hypothesis:
If GWI was caused by low-level sarin, it will be associated with a 
gene-environment (GxE) interaction between G having the PON1

192R allele (low 192Q isoenzyme) and E having heard nerve 
agent alarms in the war.

Hypothetical logistic regression model* of GWI

Variable LR coef      OR                P

Heard nerve agent alarms (N=0/Y=1) 1.1094        3.03        <0.0001

PON1 genotype (QQ=0/RR=1) 0.0402       1.04   0.92

Interaction (GxE)  1.2267       3.41 0.001
*Adjusted by the confounding variables: age, sex, rank, active duty/reserve, 
service branch, and combat exposure scale.



The New Study



U.S. Military Health Survey, 2007-2009
• RTI International selected a stratified random sample of GW-era veterans from 

1991 U.S. Military personnel file (DMDC, Seaside, CA)
• Trained RTI interviewers performed computer-assisted telephone interviews of 

8,020 veterans.

• Battery of symptom questions included all required to construct the 3 most used 
GWI case definitions: Original Research, CDC and Modified Kansas.

• The question measuring the environmental exposure of interest:
“During the time period from August 2, 1990, to July 31, 1991, did the alarms on the chemical 
warfare detection devices in areas where you were living or working ever go off while you were 
present there?”

• Collected serum, plasma, DNA and RNA from a nested case-
control subsample of all who met any of the case definitions 
and a random subsample of non-GWI, for a total N = 2,021.
– Genotyped DNA for the PON1 Q192R polymorphism
– Assayed serum for Q and R isoenzyme activity levels

Iannacchione et al. Neuroepidemiology 2011; 37: 129-140



Rothman’s Solution: 
3 Tests for Additive (Biological) Interaction

• RERI
– Relative Excess Risk due to Interaction

• AP(AB), just AP
– Attributable Proportion due to interaction

• S
– Synergy index

K. J. Rothman. Synergy and antagonism in cause-effect relationships. Am J Epidemiol  1974; 99(6): 385-388



The Solution: 3 Tests for Additive (Biological) Interaction

• RERI (Relative Excess Risk due to Interaction)

RERI = RR(AB) – RR(AB) – RR(AB) +1

• AP (Attributable Proportion due to interaction)

RERIAP(AB) = RR(AB)

• S (Synergy index)

RR(AB) – 1S = [RR(AB) – 1] + [RR(AB) – 1]
K. J. Rothman. Synergy and antagonism in cause-effect relationships. Am J Epidemiol  1974; 99(6): 385-388



The Solution: 3 Tests for Additive (Biological) Interaction

• RERI (Relative Excess Risk due to Interaction)

RERI = RR(AB) – RR(AB) – RR(AB) +1
Distribution: -∞ to ∞  (RERI > 0  Synergy,  RERI < 0  Antagonism)

• AP (Attributable Proportion due to interaction)

RERIAP(AB) = RR(AB)
Distribution: -1 to 1  (AP > 0  Synergy,  AP < 0  Antagonism)

• S (Synergy index)

RR(AB) – 1S = [RR(AB) – 1] + [RR(AB) – 1]
Distribution: 0 to ∞  (S > 1  Synergy,  S < 1  Antagonism)



Final Results Presented According to Knoll & VanderWeele*

*Knoll MJ, VanderWeele TJ. Recommendations for presenting analyses of effect 
modification and interaction. Int J Epidemiol 2012; 41: 514-520.



Final Results Presented According to Knoll & VanderWeele

Knoll MJ, VanderWeele TJ. Recommendations for presenting analyses of effect modification and interaction. 
Int J Epidemiol 2012; 41: 514-520.



How strongly does low PON1 Q isoenzyme potentiate the 
neurotoxic effects of nerve agent at different exposure levels?

Conclusion: High PON1 Q isoenzyme activity is most protective at low 
nerve agent exposure levels but is overwhelmed at high exposure levels.



What about Recall Bias?

Recall bias may occur because: 

sick people tend to recall environmental exposures more 
vividly and perhaps embellish (higher sensitivity but lower 
specificity);

whereas, 

well people tend to recall less vividly and under-report 
(lower sensitivity but higher specificity).



Sensitivity Analysis:
Effect of Recall Bias in Self-Reported Nerve Agent 

Alarms data on the GxE Interaction

Conclusion: Correcting for recall bias in measurement of nerve agent exposure increased
the strength of the interaction (Synergy index).  Thus, recall bias had caused us to 
underestimate the GxE interaction rather than manufacturing a false one.



Conclusion on the Effects of Recall Bias 
on the GxE Interaction

With GxE independence and the absence of confounding, 
measurement error in the environmental variable always biases 
the GxE interaction toward the null, and . . .

Conversely, a statistically significant GxE interaction cannot be 
due to misclassification of the environmental variable.

Garcia-Closas et al. American Journal of Epidemiology 1998; 147: 426-433
VanderWeele et al. Statistics in Medicine 2012; 31: 2552-2564



Conclusion on the Effects of Recall Bias 
on the GxE Interaction

With GxE independence and the absence of confounding, 
measurement error in the environmental variable always biases 
the GxE interaction toward the null, and . . .

Conversely, a statistically significant GxE interaction cannot be 
due to misclassification of the environmental variable.

Controlling for the measured confounders in our multivariable 
models only strengthened the association of the GxE interaction 
with GWI, but . . .

Garcia-Closas et al. American Journal of Epidemiology 1998; 147: 426-433
VanderWeele et al. Statistics in Medicine 2012; 31: 2552-2564



What about Unmeasured Confounding?



Sensitivity Testing for Effect 
of Unmeasured Confounding

How strong would unmeasured 
confounding have to be to nullify the 

GxE interaction?

Conclusion: 90% of those who heard 
alarms would have to have the 
unmeasured confounder (UC), and  the 
UC would have to be at least 7 times 
more common in the GWI veterans than 
the control veterans.

If such extreme conditions were present, 
the UC would be obvious to everyone.



The Interpretation

The findings indicate that a true GxE interaction is present.  
How strongly then does this support a causal role of low-level 
sarin in GWI?



Causal Inference about GxE Interaction from RERI
Assuming Independence and Monotonicity of G and E Variables

VanderWeele TJ, Knol MJ. A tutorial on interaction. 
Epidemiologic Methods 2014; 3; 33-72.



Gene-Environment Independence

In the 508 controls, the association between G
(having the R allele) and E (having heard nerve 
agent alarms), controlling for the confounding 
variables*:

OR = 1.18 (95% CI 0.81-1.73, p = 0.35)

*The confounding variables were age, sex, service branch, military rank, active duty/reserve 
status, special strata, and combat exposure.



Monotonically* Increasing Risk of GWI over Number 
of Nerve Agent Alarms and PON1 Q192R Genotypes

*Monotonic means relentlessly increasing or decreasing, i.e., never increasing and then 
decreasing.



Causal Inference about GxE Interaction from RERI
Assuming Independence and Monotonicity of G and E Variables

VanderWeele TJ, Knoll MJ. A tutorial on interaction. Epidemiologic Methods 2014; 3; 33-72.

Conclusion: Meeting both assumptions, our finding of RERI=7.69 (95% CI 2.71-9.13) 
constitutes a mechanistic interaction and, with the many studies showing brain cell 
pathology from low-level sarin (or DFP) exposure, it strongly indicates a biological 
interaction.



The Accompanying Commentary



“In summary, the authors’ exploration of a gene-
environment interaction between presumed nerve 
agent exposure and the PON1 gene offers some strong 
arguments that there is a true causal effect at work. . . . 
It also suggests, at least in part, why some soldiers who 
were presumably exposed to toxicants like nerve 
agents suffer from GWI and some do not.”



The Conclusion



Conclusion
• Findings supporting our pre-stated hypothesis.

– Weather satellite imagery confirms sarin exposure from Coalition bombing.
– Strong dose-related association of GxE interaction with GWI on the additive scale 

(RERI > 2) establishes a mechanistic interaction.
– Large random sample avoided selection bias.
– Controlled for measured confounders in the analysis.
– Sensitivity analysis ruled out unmeasured confounders.
– Sensitivity analysis demonstrated that misclassification of self-reports of hearing 

nerve agent alarms (recall bias) biased against finding the association with GWI.
– Prior biochemical and toxicological experimental findings have demonstrated 

neurotoxicity from sarin and the protective effects of the PON1 Q isoenzyme from 
sarin, thus qualifying the mechanistic interaction as a biological interaction.

• These findings constitute strong evidence for a causal role of low-level 
sarin nerve agent in Gulf War illness.



Methodologic Resources for This Study



Programs for Calculating Tests for Interaction on the Additive Scale

• Hosmer and Lemeshow. Epidemiol1992;29(5):452-456.
– Methods for CI of RERI, AP(AB) and S from output of LR software.
– Wald CI have been criticized.

• Assmann, Hosmer, Lemeshow, Mundt. Epidemiol1996;7(3):286-290.
– Further developed methods including delta method and bootstrap CI. 

• Lundberg et al. Epidemiol 1996;6:655-656.
– SAS program implementing original Hosmer & Lemeshow method.  
– Distributes program on request (Program has trouble with antagonism).

• Andersson et al. Europ J Epidemiol 2005;20:575-579.
– Broadened H&L method to both LR and Proportional Hazards output.
– Provided website to input parameters from SAS to calculate RERI, AP and S.

• Li. Ann Epidemiol 2007;17(3):227-236.
– Further extension to Proportional Hazards analysis without automated link to additivity analysis

• Zou. Am J Epidemiol 2008;168(2):212-224. (My preference)
– Best all-around method; most accurate, accommodates multivariable models, all 3 measures
– Program in appendix of the paper; email the author for more versatile version.

• Richardson and Kaufman. Am J Epidemiol 2009;169(6):756-760.
– Novel method using linear odds ratio model with Proc NLMIXED, gives only RERI not AP or S
– Program in the online attachment on journal’s website.



Programs for Calculating Tests for Interaction on the Additive Scale

• Mathur and VanderWeele. Epidemiol 2018;29(1):e6-e6. doi:10.1097/EDE.0000000000000752.

– R function for calculating all measures of additive interaction and testing mechanistic interaction.
– Confidence intervals and P values calculated by the Delta method, which may be symmetrical?
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