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 Thank you for the opportunity to speak today about the SO2 epidemiology data.  I am Dr. Julie 

Goodman, an epidemiologist and board-certified toxicologist at Gradient Corporation, an environmental 

consulting firm in Cambridge, Massachusetts.  I am going to address the Integrated Science Assessment for 

Sulfur Oxides – Health Criteria (ISA) conclusion that there is a causal relationship between short-term SO2 

exposure and respiratory morbidity, with "clear and convincing evidence of consistency, specificity, 

temporal and biologic gradients, biological plausibility, and coherence" (US EPA, 2008).  The ISA also 

says, "In the epidemiological studies, the SO2-related respiratory effects were consistently observed in areas 

where the maximum ambient 24-h avg SO2 concentrations [were] below the current 24-h avg NAAQS level 

of 0.14 ppm," and "[t]he evidence is suggestive but not sufficient to infer a causal relationship between 

short-term exposure to SO2 and mortality" (US EPA, 2008).  As I will discus over the next few minutes, 

because of potential exposure misclassification, measured and unmeasured confounders, and a lack of 

biological plausibility based on lag times and on a lack of effects observed in clinical studies, the 

epidemiology data are insufficient to conclude whether short-term ambient-level SO2 exposure is associated 

with respiratory morbidity or mortality. 

 

1. Exposure misclassification could have biased results towards or away from the null. 
 
 Exposure misclassification could have resulted from issues with data quality or because levels 

measured at central monitors were not representative of personal exposures.  As stated in the ISA:   

 

The strength of the associations between personal exposures and ambient concentrations 
could also be affected by the quality of the data collected during the exposure studies. 
There are at least six aspects associated with the quality of the data: method precision, 
method accuracy (compared with FRM), percent of data above method detection limits 
(based on field blanks), completeness of the data collection, sample size, and soundness of 
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the quality assurance/quality control procedures. Unfortunately, not all studies reported the 
SIX aspects of the data quality issue. (US EPA, 2008, p. 2-51). 

 
It is also stated that "[a]mbient concentrations of SO2 have been declining since the 1980s and are now at 

or very near the limit of detection of the ambient monitors in the regulatory network" (US EPA, 2008).  

This could bias results in either direction, as it cannot be known how far below the detection limits each 

person’s or community's exposure lies. 

 

 With respect to time-series studies, there are other issues besides those with measurement error at 

low concentrations.  For example, local sources may cause SO2 to be unevenly distributed; a monitoring 

site may represent a nearby source and not human exposures a small distance away; terrain features and 

weather can affect pollution patterns; and daily variations in SO2 concentrations at a central monitoring site 

differ from variations experienced by individuals living in the geographic area from which health 

measurements are drawn.  These factors may bias results in either direction.  Also, people spend most of 

their time indoors.  Although exposures inside are less than those outdoors, the difference between indoor 

and outdoor measurements varies greatly by region (see ISA Figure 2-22).  In a single study, 

overestimating exposure (by basing it on outdoor measurements) will bias results towards the null.  The 

degree of bias will vary across studies, and no attempt has been made in the ISA to determine how risk 

estimates vary across studies with different ratios of indoor to outdoor SO2 concentrations.   

 

 Overall, SO2 exposure misclassification is likely to be non-differential.  Non-differential 

misclassification occurs when, regardless of health status, each exposed and non-exposed subject has the 

same probability of being misclassified.  Some individuals have mistakenly interpreted non-differential 

misclassification to mean that an equal fraction of subjects are misclassified in the diseased and non-

diseased groups.  If this indeed were to occur, then risk measures would be biased towards the null.  This is 

because, if some percent of the "exposed" study group was actually unexposed and vice versa, then the 

exposure levels in the two groups would overlap.  Thus, actual differences between exposed and unexposed 

individuals, if they existed, would appear smaller (Wacholder et al., 1995).  In fact, in some cases of low 

sensitivity and specificity, bias beyond the null can occur (Wacholder et al., 1995).  

 

 By definition, "bias refers to a systematic tendency and not to a particular result" (Wacholder et 

al., 1995).  Non-differential misclassification actually means that every subject, regardless of disease 
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status, has an equal chance of being misclassified.  This is because whether a subject is misclassified is a 

matter of chance.  Yet, the actual fraction of subjects in a particular study who are misclassified in the 

diseased group is likely to differ from the fraction of subjects misclassified in the non-diseased group.  

Thus, even if misclassification is non-differential on average, due to random variation, misclassification 

rates in a single study will most likely be differential (Jurek et al., 2005; 2008), and may bias results in any 

direction.  This was demonstrated in a study by Sorahan and Gilthorpe (1994), who presented relative risks 

from simulated cohort studies with various degrees of non-differential misclassification.  This analysis 

showed that a considerable percentage of studies with non-differential misclassification present produced 

risk estimates that were larger than those from data sets classified correctly.   

 

 According to Wacholder et al. (1995): 

Several papers published since 1990 have shown that there are special circumstances 
where there is a bias towards exaggeration of effects.  Dosemeci et al. identified a scenario 
where non-differential misclassification of exposure more often than not leads to an 
overestimate of the odds ratio in an intermediate exposure category when there are more 
than two exposure levels.  Other papers that have appeared since the textbooks cited by 
Sorahan and Gilthorpe were published during the 1980s, have identified circumstances 
where an overestimate is more likely than an underestimate.  These include particular 
forms of non-differential misclassification when an exposure is not binary, when grouping 
has occurred, or when the errors in a continuous exposure are correlated with their true 
value. 

 

Even though certain exposure misclassification issues will necessarily bias results towards the null, 

others could bias results in either direction.  Because of the high likelihood of exposure misclassification 

and the impossibility of knowing with certainty in which way this will bias results, the epidemiology data 

are insufficient to determine whether short-term SO2 exposure leads to adverse respiratory health effects.  

 

2. Observed associations could be attributable to confounders. 
 
 In the ISA, US EPA (2008) discusses co-pollutants and their effects on the risk estimates for SO2, 

emphasizing PM, NO2, ozone, CO, vanadium, nickel, selenium, and arsenic.  Throughout the text, US EPA 

(2008) states that several of the risk estimates are "robust" to the adjustment for these confounders.  Yet 

several studies have calculated risk estimates a number of ways and found statistically significant 

associations under certain circumstances, but not others.  A robust risk estimate should not be highly 
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dependent on the model selection – those risk estimates that were only significant using certain models may 

not have been indicative of a true effect.   

 

More specifically, US EPA (2008) claims that the associations between short-term SO2 

concentration and respiratory health effects remain significant after co-pollutants were accounted for in 

statistical analyses.  An assessment of the data demonstrates this is not necessarily the case.  For example, 

US EPA (2008) states that the strongest evidence for an association with asthma in children is from the 

National Cooperative Inner-City Asthma Study (NCICAS) (Mortimer et al., 2002) and the Childhood 

Asthma Management Program (CAMP) study (Schildcrout et al., 2006).  As shown in ISA Figure 3-2, 

however, the asthma risk in the NCICAS becomes non-significant when it was adjusted for O3, PM10, and 

NO2.  US EPA (2008) states that this could be a result of small sample size, but it is also likely that at least 

some of these pollutants are true confounders of the SO2/asthma association. 

 

3. Even if risk estimates are adjusted for known confounders, exposure misclassification, 
residual confounding, and unmeasured or unknown confounders could affect observed association 
between short-term SO2 exposure and respiratory effects. 
 
 The ISA states that associations between short-term SO2 exposure and respiratory effects are 

"largely positive, with several of the more precise effect estimates (suggestive of greater study power) 

indicating statistical significance" (US EPA, 2008).  The ISA also states that most risk estimates were 

"robust," but, in addition to a number of non-significant risk estimates in certain statistical models, a good 

number of them have very large confidence intervals (CIs), indicating they were unstable.  Those with 

smaller CIs are generally very close to 1, indicating a weak association, if any (e.g., see ISA Figure 3-8).  

If any misclassification or confounders led to biases away from the null, the true risk estimate and 95% CI 

likely included 1. 

 

 Although the ISA says that most risk estimates were independent of inclusion of co-pollutants, 

even when risk estimates were adjusted for them, it is possible that co-pollutants were not fully accounted 

for, leading to what is known as "residual confounding".  This means that confounding was still present 

after adjustment (Glymour and Greenland, 2008).  If the risk estimates were adjusted for the residual 

confounders, it is possible, and perhaps likely, the estimates would no longer be statistically significant. 
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 There are also unmeasured or even unknown confounders that may account for observed 

associations between short-term SO2 exposure and respiratory health effects.  For example, temperature, 

humidity, several hazardous air pollutants (HAPs), and even day-to-day variation in activity and stress may 

affect health risks (Bukowski, 2007; 2008a; 2008b; Goldberg et al. 2008).  As evidence of this, US EPA 

(2008) reports in the ISA that some studies found associations between SO2 and emergency department 

visits and hospitalizations in summer but not winter months (when SO2 levels are higher).  This indicates 

temperature and/or humidity may play a major role in risk.  In spite of this, most risk estimates were not 

adjusted for these factors or several other confounders. 

 

4. The criteria that US EPA uses for determining causality are inconsistent across endpoints. 
 
  US EPA (2008) states that the data are sufficient for concluding that short-term SO2 exposures are 

associated with certain morbidities, but they are suggestive but not sufficient for determining whether SO2 

exposure is associated with mortality.  For both morbidity and mortality, risk coefficient and 95% CIs – 

both not adjusted and adjusted for co-pollutants – were of similar orders of magnitude (e.g., see Figures 3-

2, 3-3, and 3-11).  Also, US EPA (2008) states that effect estimates for mortality are "generally reduced 

after adjusting for co-pollutants in the regression models" but they do not emphasize this point for many 

analyses of morbidities.  This disparity indicates US EPA is not using the same criteria to determine 

causation throughout the ISA.  The criteria used for the mortality data should be used throughout the ISA.  

If this were done, the ISA would conclude that the data are not sufficient to establish causality.    

 

5. Risk estimates calculated from several statistical models are not consistent or biologically 
plausible. 
 
 Several studies calculated risk estimates a number of ways and found statistically significant 

associations under certain circumstances, but not others.  This includes associations calculated using a 

number of different lag times.  For example, Schwartz et al. (1994) found no association between SO2 and 

cough with a 0-day lag, but an increased risk with a 1-4-day lag (Schwartz et al., 1994).  There is no 

biological explanation provided for why a cough would appear with a 1-4-day lag but not a 0-day lag.   

 

In addition, the lag time for which statistically significant findings were found varied across 

studies.  Were SO2 truly causing adverse health effects, the timing of these effects should be consistent 

across studies, and this simply is not the case. 
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6. Clinical studies demonstrated no significant effects at higher SO2 concentrations than those in 
epidemiology studies reporting associations between short-term SO2 exposure and respiratory effects. 
 
 The ISA states that the strongest evidence for a causal association between SO2 and respiratory 

effects comes from clinical studies (US EPA, 2008):   

 

Collectively, evidence from earlier studies considered in the previous review, along with a 
limited number of new human clinical studies, consistently indicates that with elevated 
ventilation rates, asthmatic individuals experience moderate or greater decrements in lung 
function, as well as increased respiratory symptoms, following peak exposures to SO2 at 
concentrations as low as 0.4-0.6 ppm (Balmes et al., 1987; Gong et al., 1995; Horstman et 
al., 1986; Linn et al., 1987; Linn et al., 1983)….  Some sensitive asthmatics have been 
shown to experience moderate decrements in lung function at concentrations below 0.3 
ppm (Balmes et al., 1987; Linn et al., 1987; Sheppard et al., 1981), although there is 
limited evidence of a significant increase in respiratory symptoms at these exposure 
concentrations.  

 
These effects are transient.  As stated by US EPA (2008), a transient decrement in lung function "is not 

automatically considered to be an adverse effect."  It should also be noted that in all studies of adolescents, 

SO2 was administered via a mouthpiece, which bypassed nasal and nasopharynx absorption and led to an 

increased presentation of SO2 into the lungs. 

 

 The ISA reports that associations reported in epidemiology studies were consistently observed in 

areas where the maximum ambient 24-hour average SO2 concentrations were below the current 24-hour 

average NAAQS level of 0.14 ppm.  These exposures are generally far below those in the clinical studies at 

which no significant response was seen in sensitive asthmatics (0.3 ppm), yet the ISA does not discuss this 

inconsistency.  Most of the effects observed in the clinical studies were resolved quickly, and this is not 

consistent with 1- or more-day lags observed with epidemiology studies.  Also, the effects reported in the 

epidemiology studies were more severe than those noted in the clinical trials at higher doses, which is not 

biologically plausible.  Were SO2 truly causing effects, one would expect to see an exposure-response 

relationship, or increased effects (both in severity and the number of individuals affected) at higher 

exposures.  This is clearly not the case. 
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Conclusions 
 

 There have been several statistically significant and non-significant associations reported between 

short-term SO2 exposure and respiratory health effects.  Issues with both the quality of exposure 

measurements and whether these measurements represent human exposure could bias results either towards 

or away from the null.  Furthermore, co-pollutants and other confounders, known and unknown, likely also 

bias results away from the null.  Although this is noted for certain endpoints (e.g., mortality), it is not fully 

accounted for regarding other endpoints (e.g., respiratory symptoms).  Also, risk estimates based on several 

statistical models are not consistent across studies or biologically plausible.  Finally, associations were 

noted in epidemiology studies at exposure concentrations much lower than those at which no effects were 

seen in clinical trials.  In addition, those effects seen at higher doses in clinical trials were less severe than 

those noted in the epidemiology studies.  Thus, there is no compelling new scientific evidence for a causal 

association between short-term SO2 exposure and respiratory morbidity and mortality.  The epidemiology 

data are not sufficient to determine whether any adverse health effects result from short-term SO2 exposure 

at levels below the current NAAQS for SOX of 0.14 ppm averaged over a 24-hour period. 
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