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reduced bactericidal activity in mice subjected to inhaled microorganisms. Further investigations of PCE 
are warranted in light of the apparent effects of TCE on the immune system. 

 
HAZARD EVALUATION OF TRICHLOROETHYLENE AND PERCHLOROETHYLENE 

EXPOSURE FOR SELECTED END POINTS 
 

The committee used several approaches to consider the health significance of the solvents found 
in the water supply at Camp Lejeune. Hazard can be defined as the intrinsic characteristic toxicity of a 
chemical compound. The hazard evaluation provides information on the inherent toxic potential of an 
exposure and is not meant to provide a quantitative estimate of risk. This approach compares the lowest 
doses of TCE and PCE at which adverse effects were observed in laboratory animals (the LOAELs) with 
a range of estimated doses from the Camp Lejeune water supply. It is one line of evidence in assessing 
possible relationships between exposure to TCE and PCE in water at Camp Lejeune and potential health 
effects. 

The lowest dose at which an adverse health effect was observed, the LOAEL, may be subject to 
some uncertainty, depending on a number of factors, including the doses that were studied, the end point 
chosen, and the method used to assess the end point; for example, death as an observed LOAEL end point 
is more certain than a subtle change in an end point that is reversible and of unknown biologic 
significance. LOAELs from animal studies, on average, are associated with a 10% increase in response 
rate and can be associated with various risk levels because the statistical power of the studies does not 
allow observation of lower levels of exposure. Thus, LOAELs do not define a level below which no 
adverse effects can occur. Nevertheless, determination of a LOAEL generally provides a useful measure 
of toxic potency. NOAELs are hampered by more uncertainty. A NOAEL is the highest experimental 
dose at which an adverse effect did not occur. An experimentally determined NOAEL may be 
substantially lower than the actual NOAEL if the doses administered were too low. The present hazard 
evaluation was based on LOAELs for selected toxicity end points as described below.  

The toxicologic databases on TCE and PCE are extensive, but some data gaps remain for a few 
end points. LOAELs observed in animal studies selected for this dose comparison represent a range of 
adverse effects and oral doses. The particular end points were chosen in part because it was assumed that 
they may be relevant to humans. For TCE, renal tumors in rats were chosen for a chronic high-dose end 
point (LOAEL, 1,000 mg/kg per day for lifetime oral exposure [NTP 1990a]), renal toxicity in rats was 
chosen for the medium dosage range (LOAEL, 250 mg/kg per day for 13 weeks [Mally et al. 2006]), and 
immunosuppression in a sensitive strain of mice was chosen at the lower end of the dosage spectrum 
(LOAEL, 22 mg/kg per day in drinking water for 4 or 6 months [Sanders et al. 1982]) (see Figure 4-3 and 
Table 4-3). For PCE: renal toxicity in rats (600 mg/kg per day for 32 days [Jonker et al. 1996]) was 
selected at the upper end of a series of LOAELs, and neurologic changes in young rats (50 mg/kg per day 
for 8 weeks [Chen et al. 2002]) at the lower end of LOAEL doses (see Figure 4-4 and Table 4-4). 

Uncertainty is associated with the TCE and PCE water concentrations used in the hazard 
evaluation because they are based on the relatively few mixed water samples analyzed (see Chapter 2). 
Only a small set of water-quality measurements are available, and those were taken during the 5 years 
before the contaminated wells were closed, so it is unknown how well they represented the conditions 
during the preceding decades. In addition, concurrent exposures to organic solvents may have occurred at 
Camp Lejeune. Studies of mechanisms of VOC interactions (see Chapter 3) indicate that such concurrent 
exposure is not likely to result in greater than an additive effect. Relatively low doses of multiple VOCs 
are unlikely to affect the magnitude of adverse health effects appreciably. Additivity is not formally 
incorporated into this appraisal.  

The exercise below is not a health risk assessment. Several assumptions (described below) were 
used to derive the comparisons, so there is uncertainty and variability in the values. The intent is to 
provide general comparisons of the lowest doses at which specific adverse health effects were observed in 
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experimental toxicologic studies with a range of estimated contaminant concentrations that may have 
occurred in the Camp Lejeune water supply. 

The following describes the assumptions in the evaluation and illustrative calculations. To 
provide a standardized basis for comparison, the lowest doses at which a specific adverse effect was seen 
in toxicologic studies and the exposure estimates are both expressed in standard terms of milligrams of 
chemical per kilogram of body weight per day (mg/kg per day). Standard assumptions commonly used for 
hazard evaluations are that adults weigh an average of 70 kg and drink an average of 2 L of water per day 
and that children weigh an average of 10 kg and drink 1 L of water per day. Exposure via inhalation and 
dermal absorption of VOCs from water during showering, bathing, dishwashing, and other household 
activities has been shown experimentally to account for as much exposure as that from drinking water that 
contains the chemicals (see Chapter 3). Therefore, to account for potential inhalation and dermal uptake 
in addition to ingestion in drinking water, an intake of 4 L/day is assumed for adults and 2 L/day for 
children. This calculation, therefore, takes into account all three routes of exposure—ingestion, 
inhalation, and dermal—of both adults and children. Considerable toxicologic data on VOCs are available 
from inhalation studies. The range of adverse effects is presented in Figures 4-1 and 4-2, but absorbed 
doses were usually not determined. Duration of exposure is usually specified in animal studies. A 
conservative assumption used in this hazard evaluation is that humans receive the stated dose daily, 
although that is very unlikely inasmuch as data presented in Chapter 2 indicate that daily exposures were 
highly variable.  

It is important to note that the evaluation has not taken into account uncertainties and additional 
considerations (see Chapter 3) related to potentially sensitive populations (such as fetuses and the 
elderly), possible human interindividual variability in response related to sex and genetic background, 
such lifestyle factors as level of exercise , underlying diseases, and VOC interactions. Nevertheless, as 
discussed in Chapter 3, rodents absorb a greater fraction of inhaled VOCs and metabolically activate a 
substantially greater proportion of their internal dose and are therefore more susceptible than humans to 
most adverse effects of TCE and PCE. 

Chapter 2 summarizes the water-supply data available from the Tarawa Terrace and Hadnot Point 
water systems. Among the measurements with reported values, TCE concentration in mixed water 
samples from the Hadnot Point water supply ranged from 1 to 1,400 µg/L (see Table 2-11). Water 
samples with detectable PCE from the Tarawa Terrace water supply ranged from 1 to 215 µg/L (Maslia et 
al. 2007). Given the sparse information regarding the range and magnitude of contaminant concentrations 
in the Camp Lejeune water supply, values that correspond to half the highest measured value, the highest 
measured value, and twice the highest measured value were selected for this exercise: TCE at 700, 1,400, 
and 2,800 µg/L and PCE at 100, 200, and 400 µg/L. 

The following calculation was carried out to obtain an estimate of human daily exposure:  
estimated human daily dose (mg/kg per day) = [mixed water concentration (µg/L) × estimated daily 
intake (oral, inhalation, and dermal) (L/day)]/[body weight (kg)]. A sample calculation follows. For 
Hadnot Point, the highest measured concentration of TCE in mixed water was 1,400 µg/L. For an adult 
human, the daily dose received from water containing TCE at 1,400 µg/L is estimated to be 
 
1,400 µg/L × 4 L/day = 80 µg/kg per day = 0.08 mg/kg per day. 
 70 kg 
 
Half the highest measured TCE concentration in the water supply (700 µg/L) yields an estimated dose of 
0.04 mg/kg per day for adults, and twice the highest measured concentration of TCE (2,800 µg/L) yields 
an estimated dose of 0.2 mg/kg per day for adults. For a child, the daily dose received from water 
containing TCE at 1,400 µg/L is estimated to be 
 
1,400 µg/L × 2 L/day = 280 µg/kg per day = 0.3 mg/kg per day. 
 10 kg 
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Half the highest measured TCE concentration in the water supply (700 µg/L) yields an estimated dose of 
0.1 mg/kg per day for a child, and twice the highest measured concentration of TCE (2,800 µg/L) yields 
an estimated dose of 0.6 mg/kg per day for a child. 
 

Table 4-3 shows the LOAELs from animal studies used to compare with the estimated human 
TCE doses related to a range of possible water-supply exposure concentrations. 

A comparison of LOAELs for health end points selected from TCE animal studies (Table 4-3) 
with the exposure estimates is summarized here:  
 

 Kidney cancer. The LOAEL of TCE for lifetime oral exposure leading to kidney cancer in the rat 
is 1,000 mg/kg per day (NTP 1990a). The estimated human adult dose at Camp Lejeune is 25,000 times 
lower than the LOAEL for exposure at half the highest water-supply concentration, 12,500 times lower 
than the LOAEL for exposure at the highest concentration, and 5,000 time lower than the LOAEL for 
exposure at twice the highest concentration for a lifetime exposure. For a child, the comparable estimates 
are 10,000, 3,350, and 1,700 time lower than the LOAEL, respectively. 

 Renal toxicity. The LOAEL of TCE for renal toxicity in the rat dosed orally for 13 weeks is 250 
mg/kg per day (Mally et al. 2006). The estimated human adult dose at Camp Lejeune is 6,250 times lower 
than the LOAEL for exposure at half the highest water-supply concentration, 3,125 times lower than the 
LOAEL for exposure at the highest concentration, and 1,250 times lower than the LOAEL for exposure at 
twice the highest concentration. For a child, the comparable estimates are 2,500, 830, and 415 times lower 
than the LOAEL, respectively. 

 Immunosuppression. The LOAEL of TCE for immunosuppression in a sensitive strain of mouse 
ingesting TCE for 4 or 6 months is 22 mg/kg per day (Sanders et al. 1982). The estimated human adult 
dose at Camp Lejeune is 550 times lower than the LOAEL for exposure at half the highest water-supply 
concentration, 275 times lower than the LOAEL for exposure at the highest concentration, and 110 times 
lower than the LOAEL for exposure at twice the highest concentration. For a child, the comparable 
estimates are 220, 75, and 40 times lower than the LOAEL, respectively. These differences are relatively 
smaller than for kidney cancer and kidney toxicity. As stated earlier in the chapter, uncertainties exist 
regarding this end point since there is relatively little toxicologic information on TCE and immune 
effects. Additional research may be needed on the potential immunosuppressive effects of TCE. 

For PCE, the daily dose received from water at the maximum measured concentration (200 µg/L) 
in the water supply for an adult human is estimated to be 

 
200 µg/L × 4 L/day = 0.01 mg/kg per day. 
 70 kg 
 
Exposure to half the highest measured water supply concentration (100 µg/L) yields a dose of 0.006 
mg/kg per day for an adult human and exposure to twice the highest measured water supply concentration 
(400 µg/L) yields a dose of 0.02 mg/kg per day. 

For a child, the daily dose received from water containing PCE at the maximum measured 
concentration (200 µg/L) is estimated to be 

 
200 µg/L × 2 L/day = 0.04 mg/kg per day. 
 10 kg 
 
Exposure to half the highest measured water supply concentration (100 µg/L) yields a dose of 0.02 mg/kg 
per day for a child and exposure to twice the highest measured water supply concentration (400 µg/L) 
yields a dose of 0.08 mg/kg per day.  

A comparison of LOAELs for each of the two health end points selected from PCE animal studies 
(Table 4-4) with the estimated doses from the water supply is summarized here: 
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TABLE 4-3 LOAELs from Animal Studies Used for Comparison with Estimated Daily Human Doses to 
TCE Related to Water-Supply Measured Concentrations 
Range of Doses End Point LOAEL, mg/kg per day 
High Kidney cancer, rats 1,000 
Medium Kidney toxicity, rats 250 
Low Immunosuppression, mice (sensitive strain) 22 
 
 

 Renal toxicity. The LOAEL for renal toxicity in the rat dosed orally with PCE for 32 days is 600 
mg/kg per day (Jonker et al. 1996). The estimated human adult dose at Camp Lejeune is 100,000 times 
lower than the LOAEL for exposure at half the highest water-supply concentration, 60,000 times lower 
than the LOAEL for exposure at the highest concentration, and 30,000 times lower than the LOAEL for 
exposure at twice the highest concentration. For a child, the estimates are 30,000, 15,000, and 7,500 times 
lower than the LOAEL, respectively. 

 Neurotoxicity. The LOAEL of PCE for neurotoxic effects in rats is 50 mg/kg per day for 8 weeks 
(Chen et al. 2002). The estimated human adult dose at Camp Lejeune is 8,300 times lower than the 
LOAEL for exposure at half the highest water-supply concentration, 5,000 times lower than the LOAEL 
for exposure at the highest concentration, and 2,500 times lower than the LOAEL for exposure at twice 
the highest concentration. For a child, the comparable estimates are 2,500, 1,250, and 625 times lower 
than the LOAEL, respectively. As noted earlier in this chapter, there is a need for additional research to 
clarify the neurotoxic effects of PCE. 
 

The comparisons above included health end points observed in animals that were considered 
relevant to humans. Renal toxicity and cancer, neurotoxicity, and immune-related effects have been 
reported in some epidemiology studies and in clinical reports. The dose comparisons1 suggest  

                                                 
1One member, Lianne Sheppard, objected to inclusion of the hazard evaluation in the report as written and 

offered the following explanation: “Comparison of toxicology-based LOAEL values with estimated exposures to the 
Camp Lejeune population uses questionable logic to support inference that adverse health effects are unlikely to 
have occurred. Although LOAEL estimates give evidence about the presence of a hazard, they should not be used to 
make inference about the absence of hazard at lower doses. The absence of evidence of a hazard (e.g., at levels 
below the LOAEL) cannot be equated with evidence of the absence of hazard (Altman and Bland 1995; Fleming 
2008). Because of their small sample size, animal studies are only able to identify hazards that induce high levels of 
response (on average 10% increase in response for the LOAEL). Moreover, levels of excess response considered 
acceptable in humans are much lower than 1 in 10, typically on the order of 1 in 10,000 to 1 in 1 million (EPA 
2005). While low-dose extrapolation involves additional untestable assumptions, dividing the LOAELs by 1,000 to 
100,000 provides an alternative approach to the informal hazard evaluation presented above. This second approach 
compares Camp Lejeune exposures with an acceptable hazard in humans, as extrapolated from toxicologic studies. 
The results lead to strikingly different conclusions because they yield acceptable hazards that are both larger and 
smaller than the estimated exposures; indeed, some are several orders of magnitude lower than Camp Lejeune 
exposures. Alternatively, standard practice would replace informal hazard evaluation with a formal risk assessment, 
although this task was outside the committee charge. Despite my reservations on this one area of the assessment, I 
support the overarching findings and recommendations of the report.” 

Other members disagree with Dr. Sheppard’s characterization that the hazard evaluation is based on questionable 
logic. The reasons for this are stated in the text. The validity of results using the approach she outlines above is 
questioned by some committee members. There were varying views among committee members on the value of the 
information generated by the hazard evaluation effort, ranging from members who found it quite useful because it 
provided a rough benchmark for speculating about the likelihood of adverse health effects, to members who placed 
less reliance on results, given limited exposure information and their uncertainty about the applicability of 
toxicologic information. Regardless of the approach taken to the hazard evaluation, however, all committee 
members strongly support the overarching findings and recommendations of the report. 
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TABLE 4-4 From Animal Studies Used for Comparison with Estimated Daily Human Doses to PCE 
Related to Water-Supply Measured Concentrations 
Range of Doses End Point LOAEL, mg/kg per day 
High Kidney toxicity, rats 600 
Low Neurotoxicity, rats 50 
 
 
considerable differences between the estimated doses from human exposure to contaminated water 
supplies at Camp Lejeune under conservative assumptions of exposure and the lowest doses associated 
with the development of renal toxicity, kidney cancer, neurotoxicity, and immunosuppression in rodents. 
The drinking-water doses at Camp Lejeune are substantially lower. As pointed out in this section, 
however, each and every source of uncertainty (e.g., interindividual variability, lifestyle, genetic 
background, exposure assessment, completeness of the database) has not been factored into this estimate 
since it is a hazard evaluation procedure and not a health risk assessment. 
 
 

ALLOWABLE LIMITS OF VOLATILE ORGANIC COMPOUNDS IN DRINKING WATER 
 

Current regulatory standards termed maximum contaminant levels (MCLs) for several VOCs in 
drinking water, including TCE and PCE, were developed by EPA in the middle 1980s (50 Fed. Reg. 
46880 [1985]; 52 Fed. Reg. 25690 [1987]; Cotruvo 1988). Under the U.S. Safe Drinking Water Act, the 
public-health goal or maximum contaminant level goal (MCLG) for a compound was initially determined. 
The MCLG is the concentration that would result in “no known or anticipated adverse effect on health” 
with a large margin of safety. Second, an MCL, or enforceable standard, was set as close as feasible to the 
MCLG; technical and economic factors were taken into consideration. EPA consulted the International 
Agency for Research on Cancer guidelines when assessing epidemiologic and animal cancer data and in 
its own qualitative weight-of-evidence scheme for determining the potential for a compound to increase 
cancer risk in humans. TCE and PCE fell into category I in the latter scheme, in which the MCLG by 
definition equals zero as an aspirational goal. Economic considerations for water treatment were also 
deliberated. Technical feasibility focused on analytic considerations; the lowest concentrations that can be 
reliably detected within specified limits of precision and accuracy during routine laboratory operations 
(practical quantitation limits) were determined. With that approach, an MCL of 0.005 mg/L (5 µg/L or 5 
ppb) was set for selected VOCs, including TCE and PCE.  

In 2005, EPA issued new guidelines for carcinogen risk assessment in which incorporation of 
increased scientific understanding of the biologic mechanisms that can cause cancer was supported for 
inclusion in risk assessments with other improved risk-assessment practices (EPA 2005). In the more than 
20 years since the original MCLs were established, considerable kinetic and biologic mechanism-of-
action information on TCE and PCE has been published, as reviewed in the present report. There are 
different approaches to risk assessment that yield different results. At least one recent study has explored 
different approaches, including the use of contemporary published elements of TCE’s biologic mode of 
action and a cancer-risk model that was the best fit to the data (Clewell and Andersen 2004). The latter 
approach yielded a TCE concentration of 265 µg/L in drinking water; below this concentration, a 
carcinogenic hazard to human health was deemed unlikely. This is one example of the possible 
application of toxicologic and mechanistic biologic data to a cancer health risk assessment for TCE, 
which yields a value greater than one based on analytical limits of detection. EPA is currently updating its 
risk assessments on TCE and PCE and is considering new data and different assessment approaches as 
part of its reassessments. In summary, the few TCE and PCE measurements available from mixed 
drinking-water samples at Camp Lejuene (see Chapter 2) indicated that some samples exceeded the 
MCLs derived as briefly described above. 
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CONCLUSIONS 
 

TCE and PCE are well-studied compounds compared with most other compounds of 
environmental concern. On the basis of the review presented above, the committee concludes that the 
strongest evidence of health effects of relevance to humans are renal toxicity, kidney cancer, 
neurobehavioral effects, and immunologic effects, which have generally been observed at high 
concentrations in a workplace setting and in exposure to tens to thousands of milligrams per kilogram of 
body weight in animal studies. Discussion of the toxicologic evidence in context with the epidemiologic 
evidence on TCE and PCE (presented in Chapter 5) is provided in Chapter 7. The evidence on renal 
toxicity and cancer is particularly convincing because concordance has been found in the bioactivation of 
TCE and PCE and in their modes of action in rodents and humans. However, gaps in the toxicologic 
database preclude drawing conclusions about some other health effects related to the nervous system and 
the immune system, particularly with regard to potential effects on the developing or young animal. 
Implicit inherent limitations of toxicologic studies are that relatively homogeneous populations of 
laboratory animals are used and exposures are typically to single chemicals. On average, the lowest 
increase in effect that can usually be detected (LOAEL) is around 10% due to statistical power related to 
the number of animals that can be tested in any one study. In the instances of TCE and PCE, however, 
rodents are more susceptible to toxic effects. 

A central issue in toxicology (and at Camp Lejeune) is whether doses were sufficient to produce 
specific adverse effects. The lowest doses at which adverse health effects have been seen in animal or 
clinical studies are many times higher than the worst-case (highest) assumed exposures at Camp Lejeune. 
However, that does not rule out the possibility that other, more subtle health effects that have not been 
well studied could occur, although it somewhat diminishes their likelihood. 

Another important issue is whether any adverse effects that may have occurred were reversible or 
permanent and (still) detectable when an epidemiology study might be conducted. Observations in animal 
studies indicate that very high acute or chronic doses of TCE or PCE are necessary to injure renal 
proximal tubular cells. Results of occupational-exposure studies indicate that relatively high, chronic 
exposures result in modest, reversible changes in the most sensitive indexes of renal injury in workers. 
Thus, it is unlikely that renal toxicity would be a useful end point to examine in future epidemiology 
study of Camp Lejeune residents. A similar conclusion can be drawn with regard to the occurrence and 
detection of hepatic toxicity. Reproductive and developmental effects in rodents were quite modest and 
often secondary to general toxicity, decreased food intake, and reduced body-weight gain resulting from 
high maternal doses of TCE and PCE. The toxicologic data provide strong evidence that neither solvent is 
associated with congenital malformations in rats. Thus, on the basis of this review, reproductive effects 
and hepatorenal toxicity are probably not of great concern at Camp Lejeune. 

There is reasonable interspecies concordance between rats and humans in the bioactivation of 
TCE and PCE and in their mode of induction of kidney cancer. A low incidence of kidney cancer has 
been seen in workers exposed for many years to TCE at concentrations high enough to cause dizziness, 
headache, and other reversible neurologic effects. The background incidence of kidney cancers in 
unexposed persons is minimal. Nevertheless, there is little likelihood of identifying any increased 
incidence of renal tumors in the relatively small population that may be available for study at Camp 
Lejuene. 

Irreversible neurobehavioral effects associated with solvent exposure generally are chronic and 
result from high doses. Solvent abusers and workers chronically exposed to high vapor concentrations 
may exhibit various neurobehavioral effects and residual brain damage. Fetuses, infants, and young 
children exposed to such organic solvents as TCE and PCE at lower concentrations may experience subtle 
neurodevelopmental effects, but no relevant investigations were identified. There are few data from 
animal studies on this topic. 

Immune suppression and autoimmunity related to TCE exposure have been demonstrated in some 
sensitive animal models. TCE-induced glomerulonephritis and scleroderma occur in low incidences in  
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highly exposed worker populations. Much less is known about the potential immunologic effects of PCE 
(particularly as related to exposures during development), which may warrant further consideration for 
inclusion in studies of populations exposed to TCE or PCE. 
 
 



Copyright © National Academy of Sciences. All rights reserved.

Contaminated Water Supplies at Camp Lejeune: Assessing Potential Health Effects
http://www.nap.edu/catalog/12618.html

136 Prepublication Copy 

5 
 
 

Review of Epidemiologic Studies 

 
This chapter reviews a large body of epidemiologic literature on specific drinking-water 

contaminants at Camp Lejeune, focusing primarily on trichloroethylene (TCE) and tetrachloroethylene 
(perchloroethylene, PCE). Most of the literature involves populations exposed occupationally to those 
solvents and other industrial chemicals. The goal is to determine whether exposure to TCE or PCE is 
associated with specific health outcomes. (Appendix D provides brief reviews of the epidemiologic 
literature on the six additional drinking-water contaminants identified in Chapter 2 as of possible 
concern—vinyl chloride, 1,1-dichloroethylene, 1,2-dichloroethylene, methylene chloride, benzene, and 
toluene.)  Chapter 6 gives special consideration to studies of other communities whose populations and 
exposure to contaminants in drinking water are similar to those at Camp Lejeune. Chapter 7 provides an 
integrated discussion of the epidemiologic evidence in context with the toxicologic evidence on TCE and 
PCE presented in Chapter 4. Epidemiologic studies of former residents of Camp Lejeune are reviewed 
separately in Chapter 8. 
 
 

EVALUATING THE EPIDEMIOLOGIC LITERATURE 
 

To manage the review of the vast literature on the chemicals of concern at Camp Lejeune, the 
committee decided to use a categorization approached developed by the Institute of Medicine (IOM) for 
evaluating epidemiologic data on chemicals. The approach involves a comprehensive review of the 
epidemiologic literature on individual chemicals and assigning one of five categories to the evidence (see 
Box 5-1 for IOM’s categories of association). An assessment of whether the data indicate a statistical 
association between the chemicals and various cancer and noncancer health outcomes is the basis for the 
categorizations, except for the highest category of sufficient evidence of a causal relationship, which is 
also based on experimental data and evidence of causality. IOM’s approach has been used to evaluate 
exposure of veterans of the Vietnam War (IOM 1994, 1996, 1999) and the Gulf War (IOM 2003). 

Statistical associations are generally estimated by calculating relative risks (RRs) or odds ratios 
(ORs). In our review, a “statistical association” does not imply that the measure of association is 
statistically significant or causal, only that an association of potential interest has been reported. The 
committee reviewed the conclusions of each study in light of its strengths and weaknesses, taking into 
account the strength of the association (the magnitude of the odds ratio or RR estimate), the influence of 
exposure-measurement error, selection bias, statistical precision, and confounding bias. The coherence of 
the epidemiologic evidence was then assessed, and an assignment made to a category of association.  

In the sections below, the committee used the conclusions drawn by IOM (2003) on cancer and 
noncancer health end points of TCE or PCE exposure as a starting point for its evaluation. Literature 
searches were performed on Medline to identify new (2003-2008) peer-reviewed epidemiologic studies of 
exposure to TCE, PCE, or mixtures of chlorinated solvents and various health outcomes. The committee 
weighed the strengths and weaknesses of the new evidence to draw conclusions about whether IOM’s  
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BOX 5-1  Five Categories Used by IOM to Classify Associations (IOM 2003) 
 
Sufficient Evidence of a Causal Relationship 
 
Evidence from available studies is sufficient to conclude that a causal relationship exists between 
exposure to a specific agent and a specific health outcome in humans, and the evidence is supported 
by experimental data. The evidence fulfills the guidelines for sufficient evidence of an association 
(below) and satisfies several of the guidelines used to assess causality: strength of association, 
dose-response relationship, consistency of association, biologic plausibility, and a temporal 
relationship. 
 
Sufficient Evidence of an Association 
 
Evidence from available studies is sufficient to conclude that there is a positive association. A 
consistent positive association has been observed between exposure to a specific agent and a 
specific health outcome in human studies in which chance and bias, including confounding, could be 
ruled out with reasonable confidence. For example, several high-quality studies report consistent 
positive associations, and the studies are sufficiently free of bias, including adequate control for 
confounding. 
 
Limited/Suggestive Evidence of an Association 
 
Evidence from available studies suggests an association between exposure to a specific agent and a 
specific health outcome in human studies, but the body of evidence is limited by the inability to rule 
out chance and bias, including confounding, with confidence. For example, at least one high-quality 
study reports a positive association that is sufficiently free of bias, including adequate control for 
confounding. Other corroborating studies provide support for the association, but they were not 
sufficiently free of bias, including confounding. Alternatively, several studies of less quality show 
consistent positive associations, and the results are probably not due to bias, including confounding. 
 
Inadequate/Insufficient Evidence to Determine Whether an Association Exists 
 
Evidence from available studies is of insufficient quantity, quality, or consistency to permit a 
conclusion regarding the existence of an association between exposure to a specific agent and a 
specific health outcome in humans. 
 
Limited/Suggestive Evidence of No Association 
 
Evidence from well-conducted studies is consistent in not showing a positive association between 
exposure to a specific agent and a specific health outcome after exposure of any magnitude. A 
conclusion of no association is inevitably limited to the conditions, magnitudes of exposure, and 
length of observation in the available studies. The possibility of a very small increase in risk after 
exposure studied cannot be excluded. 

 
 
categorizations are still valid or should be changed. Each health-outcome section below brief summarizes 
the evidence as described in the 2003 IOM report, reviews the new evidence, and presents conclusions 
drawn from the totality of the epidemiologic evidence. Appendix E presents tables of details on each of 
the new studies. Whenever possible, the committee evaluated the associations between TCE or PCE and 
the end points and reported findings specifically on those solvents. If a study addressed solvent mixtures, 
the evidence was examined and a category of association was determined with the default presumption 
that there was not information specifically on TCE or PCE. The committee expands on IOM’s approach 
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in Chapter 7 by explicitly considering how the toxicologic evidence presented in Chapter 4 adds to the 
weight of evidence in characterizing health risks related to the TCE and PCE. 
 
 

STUDIES OF TRICHLOROETHYLENE AND PERCHLOROETHYLENE 
 

Cancer End Points 
 
Oral and Pharyngeal Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) found little evidence of a consistent association between chronic exposure to PCE 
and an increased risk of oral or pharyngeal cancer (“oral cancer”). The studies evaluated often involved 
only a small number of exposed persons. No studies specifically assessed TCE in relation to oral cancer, 
and no increase in risk was found in connection with solvent mixtures. IOM concluded that there was 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
solvents and oral cancer. 
 
 
2008 Evaluation  
 

The updated literature on TCE and oral cancer included five cohort studies with cancer incidence 
or mortality data (Hansen et al. 2001; Chang et al. 2003, 2005; Raaschou-Nielsen et al. 2003; Boice et al. 
2006; Sung et al. 2007). Two studies of Danish workers (Hansen et al. 2001; Raaschou-Nielsen et al. 
2003) evaluated the risk of oral cancer. Hansen et al. found an increased risk in exposed male workers 
based on only seven exposed cases. In the larger study by Raaschou-Nielsen et al. (2003), a standard 
incidence ratio (SIR) of 1.8 (95% confidence interval [CI], 0.84-3.24) was found for women employed at 
least 3 mo; the SIR for men (95 exposed cases) was only 1.1 (95% CI, 0.90-1.36). Other studies of 
workers in different industries did not report a consistently increased risk, although most involved only a 
small number of exposed persons. There was an indication of an increased risk in women potentially 
exposed to TCE in the Raaschou-Nielsen study, but the totality of the evidence does not indicate a 
consistent pattern of increased risk in TCE-exposed persons.  

The updated literature on PCE and oral cancer included two cohort studies with cancer mortality 
or incidence data (Blair et al. 2003; Chang et al. 2003, 2005). Neither study reported an increased risk 
posed by PCE exposure, but they involved only small numbers of exposed persons. 
 

 The updated literature on PCE and TCE continues to support a conclusion that there is 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
these solvents and oral cancer. 
 
 
Nasal Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) found no studies that specifically evaluated TCE or PCE but reviewed a few studies 
that examined other solvents and nasal cancer. Increased but imprecise RR estimates were found in a 
Chinese study of benzene exposure and a study of shoemakers in England and France (Fu et al. 1996; Yin 
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et al. 1996). IOM concluded that the evidence was inadequate/insufficient to determine whether an 
association exists between chronic exposure to solvents and oral cancer. 
 
 
2008 Evaluation  
 

No new studies of chronic exposure to solvents and nasal cancer were found. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE or PCE and nasal cancer. 
 
 
Laryngeal Cancer 
 
IOM 2003 Conclusions 
 

Two studies (Blair et al. 1990; Vaughan et al. 1997) found an increased but imprecise risk posed 
by PCE and dry-cleaning solvents. IOM (2003) concluded that there was inadequate/insufficient evidence 
to determine whether an association exists between chronic exposure to PCE, TCE, or other solvents and 
laryngeal cancer. 
 
 
2008 Evaluation  
 

The updated literature on TCE and laryngeal cancer included four cohort studies with cancer 
incidence or mortality data (Hansen et al. 2001; Chang et al. 2003; Raaschou-Nielsen et al. 2003; Boice et 
al. 2006; Sung et al. 2007). One study of Danish workers (Raaschou-Nielsen et al. 2003) found an SIR of 
1.7 (95% CI, 0.33-4.82) for women employed at least 3 months (on the basis of three exposed cases); the 
SIR for men was 1.2 (95% CI, 0.87-1.52) on the basis of 53 exposed cases. Boice et al. (2006) reported a 
standardized mortality ratio (SMR) of 1.45 (95% CI, 0.18-5.25) on the basis of two exposed cases. 

The updated literature on PCE and laryngeal cancer included two cohort studies with cancer 
mortality data (Blair et al. 2003; Chang et al. 2003). Blair et al. (2003) performed an updated mortality 
assessment of a cohort of dry cleaners and found an increased risk in workers with medium to high 
exposure (SMR, 2.7; 95% CI, 1.0-5.8) on the basis of only six exposed cases. Chang et al. (2003) did not 
find any exposed cases in a Taiwanese cohort of electronics manufacturing workers. 
 

 The updated literature on TCE and PCE continues to support a conclusion that there is 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
these solvents and laryngeal cancer. 
 
 
Esophageal Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) considered evidence from several cohort and case-control studies of esophageal 
cancer in relation to chronic exposure to solvents, including TCE and PCE. Although several studies had 
positive results (Blair et al. 1990; Vaughan et al. 1997; Boice et al. 1999; Ruder et al. 2001), IOM was 
unable to reach a consensus on PCE but concluded that there was inadequate/insufficient evidence to 
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determine whether an association exists between TCE and other solvents and solvent mixtures and 
esophageal cancer. 
 
 
2008 Evaluation 
 

The new literature on TCE and esophageal cancer included an update on the Danish worker 
cohort (Raaschou-Nielsen et al. 2003) and three cohorts studies with cancer incidence or mortality data 
(Chang et al. 2003; Zhao et al. 2005; Boice et al. 2006; Sung et al. 2007). One study of Danish workers 
(Raaschou-Nielsen et al. 2003) found an SIR of 1.9 for men employed at least 3 months. Other studies did 
not find a pattern of increased risk. 

The updated literature on PCE and esophageal cancer included two cohort studies with cancer 
mortality data and one case-control study (Blair et al. 2003; Chang et al. 2003; Lynge et al. 2006). Blair et 
al. (2003) performed an updated mortality assessment of a cohort of dry cleaners and found an increased 
risk in workers (SMR, 2.2; 95% CI, 1.5-3.3) on the basis of 26 exposed cases. No exposure-response 
pattern of increased risk was found when results were examined by exposure group. Chang et al. (2003) 
did not find any exposed cases in a Taiwanese cohort of electronics manufacturing workers, and Lynge et 
al. (2006) found a decreased risk. 
 

 The updated literature on TCE continues to support a conclusion that there is 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
the solvent and esophageal cancer. 

 On the basis of the results of the Blair et al. (2003) study of dry cleaners and other studies, the 
committee concludes that there is limited/suggestive evidence of an association between chronic exposure 
to PCE and esophageal cancer. This constitutes a new conclusion, in that a consensus was not reached in 
the 2003 IOM report. 
 
 
Stomach Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) reviewed five occupational-cohort studies assessing the association between TCE 
and stomach cancer (Wilcosky et al. 1984; Anttila et al. 1995; Blair et al. 1998; Boice et al. 1999; Hansen 
et al. 2001). A study of Finnish workers biologically monitored for exposure (on the basis of urinary 
trichloroacetic acid) showed an increased risk of stomach cancer (SIR, 1.28; 95% CI, 0.75-2.04), and the 
risk was greater in workers who had their first measurement 20 years before (SIR, 2.98; 95% CI, 1.20-
6.13). However, there was no evidence of an exposure-response relationship with urinary trichloroacetic 
acid concentrations (Anttila et al. 1995). The overall conclusions drawn from the other studies were 
mixed. Similarly, the results of the three cohort studies of PCE-exposed populations were mixed (SMR, 
0.61-1.42) (Blair et al. 1990; Ruder et al. 1994; Boice et al. 1999). Results of three mortality cohort 
studies (Garabrant et al. 1988; Costantini et al. 1989; Acquavella et al. 1993) and a case-control study 
(Ekstrom et al. 1999) of workers exposed to unspecified mixtures of organic solvents and a cohort study 
of Swedish patients with acute solvent-related disorders (Berlin et al. 1995) were predominantly null 
except for increased risk of stomach cancer in a cohort of shoemakers in England and Florence (Fu et al. 
1996). IOM concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between chronic exposure to the solvents reviewed and stomach cancer. 
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2008 Evaluation 
 

The committee identified several new cohort studies of occupational groups exposed to TCE or 
PCE (Blair et al. 2003; Chang et al. 2003, 2005; Raaschou-Nielsen et al. 2003; Boice et al. 2006; Sung et 
al. 2007). The reported results on stomach cancer were mixed, as were those in the IOM (2003) report. 
However, in a case-control study of a community living downstream of an electronics factory and 
potentially exposed to PCE, the mortality odds ratio (MOR) for stomach cancer was increased (2.18; 95% 
CI, 0.97-4.89) (Lee et al. 2003). 
 

 The updated literature on TCE and PCE continues to support a conclusion that there is 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
these solvents and stomach cancer. 
 
 
Colon Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) reviewed five cohort studies with incidence or mortality data (Anttila et al. 1995; 
Blair et al. 1998; Boice et al. 1999; Hansen et al. 2001) and one case-control study (Fredriksson et al. 
1989) on the association between TCE exposure and colon cancer. The Blair et al. study showed a 
positive association between TCE exposure and both mortality and incidence, but there was evidence of 
an exposure-response relationship only between years of work and incidence (Blair et al. 1998). The 
results of the other studies were mixed, and IOM was not able to reach a consensus opinion about chronic 
exposure to TCE and colon cancer. For PCE, IOM included one cohort study of intestinal-cancer 
mortality in dry cleaners (Ruder et al. 2001) and two case-control studies—one defining exposure on the 
basis of work as a dry cleaner (Fredriksson et al. 1989) and the other on the basis of exposure to 
contaminated drinking water on Cape Cod (Paulu et al. 1999). The results showed evidence of increased 
risk, but there was no evidence of an exposure-response relationship, the numbers were small, and 
diseases were not well defined. Therefore, IOM concluded that the literature was inadequate/insufficient 
to determine whether an association exists between PCE exposure and colon cancer. IOM also reviewed 
three studies of unspecified mixtures of organic solvents (Fredriksson et al. 1989; Anttila et al. 1995; 
Berlin et al. 1995). Increased risks were observed only in the Fredriksson study, and in all three the 
numbers of exposed cases were small. IOM concluded that there was inadequate/insufficient evidence to 
determine whether an association exists between chronic exposure to unspecified solvents and colon 
cancer. 
 
 
2008 Evaluation 
 

The updated literature on TCE and colon cancer includes six occupational-cohort studies with 
incidence or mortality data on colon cancer or colon and rectal cancer. In most studies, the SIRs or SMRs 
were around 1.1 (Raaschou-Nielson et al. 2003; Boice et al. 2006; Sung et al. 2007). Zhao et al. (2005) 
assessed incidence and mortality in a cohort of aerospace workers. The SMRs were also around 1.1, but 
the SIRs were not increased, and there was no evidence of an exposure-response relationship (exposure 
was defined by an industrial-hygiene review). In a study of test-stand mechanics determined by an 
industrial-hygiene review to be exposed to TCE, the SMR was 1.66 (95% CI, 0.54-3.87) (Boice et al. 
2006). A study of electronics and mechanical workers in Taiwan exposed to TCE and PCE found an SMR 
of 1.36 (95% CI, 0.82-2.13) on the basis of 19 cases (Chang et al. 2003). In an incidence study of the 
same population, there was no clear evidence of an association (Chang et al. 2005). Two studies of 
community exposures to TCE and PCE in drinking water did not find increased risks of colon cancer 
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(Morgan and Cassady 2002; Lee et al. 2003). IOM also reviewed one cohort of dry cleaners exposed to 
PCE (Blair et al. 2003). The SMR was 1.2 (95% CI, 0.9-1.5) and there was some evidence of an 
exposure-response relationship. No new studies on exposure to unspecified mixtures of organic solvents 
and colon cancer were found. 
 

 The committee concludes that there is inadequate/insufficient evidence to determine whether an 
association exists between chronic exposure to TCE or PCE and colon cancer. The conclusion regarding 
TCE constitutes a new conclusion, in that a consensus was not reached in the 2003 IOM report. 
 
 
Rectal Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) reviewed five cohort studies with incidence or mortality data (Anttila et al. 1995; 
Blair et al. 1998; Morgan et al. 1998; Boice et al. 1999; Hansen et al. 2001) and one case-control study 
(Dumas et al. 2000) on the association between exposure to TCE and rectal cancer. Although increased 
risks were observed in all but the Blair et al. study, the numbers of cancers in exposed persons were small, 
no more than 12 in each study. IOM included two studies in its review of PCE and dry-cleaning solvents: 
a cohort study of intestinal cancer in dry-cleaning workers (Ruder et al. 2001) and a study of colon and 
rectal cancer in Cape Cod residents exposed to contaminated water (Paulu et al. 1999). Both studies were 
discussed above under “Colon Cancer.”  Three cohort studies assessed the incidence of or mortality from 
rectal cancer and exposure to unspecified mixtures of organic solvents (Garabrant et al. 1988; Anttila et 
al. 1995; Berlin et al. 1995). Excess risks were observed only in the Anttila et al. study. IOM concluded 
that there was inadequate/insufficient evidence to determine whether an association exists between 
chronic exposure to TCE, PCE, or solvent mixtures and rectal cancer. 
 
 
2008 Evaluation 
 

The updated literature on TCE and rectal cancer included two cohort studies. Raaschau-Nielsen et 
al. (2003) observed SIRs of 1.1 in men and women working in jobs involving TCE exposure. Chang et al. 
(2003) assessed mortality in a cohort of electronics manufacturers exposed to TCE and PCE. On the basis 
of only 15 exposed cases (13 in women and two in men), the SMR for women was increased (1.67; 95% 
CI, 0.89-2.85), but the SMR for men was not (0.73; 95% CI, 0.08-2.65). An additional cohort study 
reported an increased risk of rectal-cancer mortality in dry cleaners (SMR, 1.3; 95% CI, 0.7-2.2) (Blair et 
al. 2003). 
 

 The updated literature on TCE and PCE continues to support a conclusion that there is 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
these solvents and rectal cancer. 
 
 
Pancreatic Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) reviewed five occupational-cohort studies with incidence or mortality data on the 
association between TCE exposure and pancreatic cancer (Anttila et al. 1995; Blair et al. 1998; Morgan et 
al. 1998; Boice et al. 1999; Hansen et al. 2001). The results were mixed, and there was no evidence of an 
exposure-response relationship. The Anttila et al. study also assessed exposure to PCE, dry-cleaning 
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solvents, and unspecified mixtures of organic solvents and observed increased SIRs. Ruder et al. (2001) 
observed increased SMRs in 18 exposed dry-cleaning labor-union workers. IOM reviewed an additional 
case-control study (Kauppinen et al. 1995) and six mortality cohort studies of exposure to unspecified 
mixtures of organic solvents (McMichael et al. 1976; Pippard and Acheson 1985; Garabrant et al. 1988; 
Costantini et al. 1989; Acquavella et al. 1993; Fu et al. 1996). The numbers of exposed cases were small, 
and the results were mixed. IOM concluded that there was inadequate/insufficient evidence to determine 
whether an association exists between chronic exposure to TCE, PCE, or other solvents and pancreatic 
cancer. 
 
 
2008 Evaluation 
 

The updated literature on TCE and pancreatic cancer included five cohort studies with cancer 
incidence or mortality data (Chang et al. 2003; Raaschou-Nielsen et al. 2003; Zhao et al. 2005; Boice et 
al. 2006; Sung et al. 2007). Two studies of electronics workers (Chang et al. 2003; Sung et al. 2007) 
reported increased risk of pancreatic cancer in women, but the number of cases was small (16 in the two 
studies combined), and in one study TCE exposure was not distinguished from PCE exposure (Chang et 
al. 2003). Two studies of dry cleaners with data on PCE exposure and pancreatic cancer were identified; 
the SMR in a cohort study was 1.1 (95% CI, 0.7-1.5) (Blair et al. 2003), and the OR in a case-control 
study was 1.27 (95% CI, 0.90-1.80) (Lynge et al. 2006). 
 

 The updated literature on TCE and PCE continues to support a conclusion that there is 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
these solvents and pancreatic cancer. 
 
 
Hepatobiliary Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) did not find a consistent association between chronic exposure to TCE, PCE, or 
unspecified mixtures of organic solvents and an increased risk of hepatobiliary cancer (liver cancer and 
cancers of the gallbladder and biliary tract). IOM concluded that there was inadequate/insufficient 
evidence to determine whether an association exists between chronic exposure to solvents and 
hepatobiliary cancer. 
 
 
2008 Evaluation  
 

The updated literature on TCE and hepatobiliary cancer included five cohort studies with 
incidence or mortality data (Morgan and Cassady 2002; Chang et al. 2003; Raaschou-Nielsen et al. 2003; 
Boice et al. 2006; Sung et al. 2007) and one case-control study (Lee et al. 2003). The updated Danish 
study of workers with TCE exposure showed some increased SIRs for women (for example, 2.8 and a 
95% CI of 1.13-5.80 for women employed at least 3 months; seven cases in exposed people), but most 
estimates were based on small numbers of cases in exposed people (Raaschou-Nielsen et al. 2003). The 
updated literature on PCE and hepatobiliary cancer included three cohort studies with cancer incidence or 
mortality data (Morgan and Cassady 2002; Blair et al. 2003; Chang et al. 2003) and two case-control 
studies (Lee et al. 2003; Lynge et al. 2006). Lynge et al. (2006) reported an RR of 0.76 (95% CI, 0.38-
1.52) in a cohort of Nordic dry-cleaning workers. The case-control study by Lee et al. (2003) of a 
Taiwanese community exposed to solvents from an electronics factory reported an increased MOR for 
men (2.57; 95% CI, 1.21-5.46), but the exposure assessment was weak. 
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 The updated literature on TCE and PCE continues to support a conclusion that there is 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
these solvents and hepatobiliary cancer. 
 
 
Lung Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) determined that the cohort and case-control studies of TCE and lung cancer were 
limited by exposure assessment and inadequate control for confounding factors, especially smoking. The 
studies generally did not show any increased risk, so the evidence regarding chronic exposure to TCE and 
lung cancer was considered inadequate/insufficient for determining whether an association exists. 
Although several studies of PCE exposure had positive results (Blair et al. 1990; Brownson et al. 1993; 
Anttila et al. 1995; Paulu et al. 1999; Pohlabeln et al. 2000; Ruder et al. 2001), IOM was unable to reach a 
consensus, because of some committee members’ concerns regarding confounding by cigarette-smoking 
and the small numbers of exposed persons. 
 
 
2008 Evaluation  
 

The updated literature on TCE and lung cancer included seven cohort studies with lung-cancer 
incidence or mortality data (Hansen et al. 2001; Morgan and Cassady 2002; Chang et al. 2003, 2005; 
Raaschou-Nielsen et al. 2003; Zhao et al. 2005; Boice et al. 2006; Sung et al. 2007) and one case-control 
study (Lee et al. 2003). The new papers on PCE and lung cancer include three cohort studies (Morgan and 
Cassady 2002; Blair et al. 2003; Chang et al. 2003, 2005) and a case-control study (Lee et al. 2003). The 
updated Danish study of workers with TCE exposure (Raaschou-Nielsen et al. 2003) found increased 
SIRs for men and women (for example, 1.9 with a 95% CI of 1.48-2.35 for women employed at least 3 
months), although there was no appearance of a trend with years of employment. Other studies did not 
report an increased risk with TCE exposure. The small number of studies of PCE exposure generally 
showed no increase in risk. However, the Blair et al. (2003) updated mortality analysis of dry cleaners 
showed increased SMRs, including an SMR of 1.5 (95% CI, 1.2-1.9) for workers with presumed medium 
or high PCE exposure. On the basis of the strengths of that study, including its size and exposure 
assessment, and the previous studies that had positive results, the committee determined that the evidence 
of an association was limited/suggestive.  
 

 The updated literature on TCE continues to support a conclusion that there is 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
that solvent and lung cancer. 

 On the basis of new data, the committee concludes that there is limited/suggestive evidence of an 
association between chronic exposure to PCE and lung cancer. This constitutes a new conclusion, in that a 
consensus was not reached in the 2003 IOM report. 
 
 
Bone Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) identified one cohort study that reported on the association between occupational 
exposure to TCE and bone cancer (Blair et al 1998). On the basis of five exposed cases, the SMR was 2.1 
(95% CI, 0.2-18.8). Two cohort studies reported on incidence of (Nielsen et al. 1996) or mortality from 
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(Fu et al. 1996) bone cancer after occupational exposure to unspecified mixtures of organic solvents. 
Increased risks were reported, but a total of only seven exposed cases were identified. There were no 
studies of the association of PCE with bone cancer. Because of the small number of studies and the 
unstable estimates, IOM concluded that there was inadequate/insufficient evidence to determine whether 
an association exists between chronic exposure to TCE, PCE, or other solvents and bone cancer. 
 
 
2008 Evaluation 
 

The committee found two cohort studies that yielded no evidence of an association between 
occupational exposure to TCE and bone-cancer incidence (three cases in exposed people) (Sung et al. 
2007) or bone-cancer mortality (no cases in exposed people) (Boice et al. 2006). In a mortality study of 
electronics workers with indeterminate exposure to TCE and PCE, the SMR was 1.63 (95% CI, 0.44-
4.18) on the basis of four cases in exposed people (Chang et al. 2003). In an incidence study of the same 
population, the SIR in female workers (six cases in exposed people) was 1.28 (05% CI, 0.47-2.78) (Chang 
et al. 2005). Only one male worker was exposed. 
 

 The updated literature on TCE and PCE continues to support a conclusion that there is 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
these solvents and bone cancer. 
 
 
Soft-Tissue Sarcoma 
 
IOM 2003 Conclusions 
 

IOM (2003) could not draw any conclusion regarding an association between chronic exposure to 
solvents and soft-tissue sarcoma because of the lack of available studies (only one study was identified).  
 
 
2008 Evaluation  
 

The updated literature on soft-tissue sarcoma included a cancer-mortality study (Chang et al. 
2003) and an incidence analysis (Chang et al. 2005) of a cohort of workers in a Taiwanese electronics 
factory exposed to TCE and PCE. The mortality analysis did not find any deaths from connective-tissue 
and other soft-tissue cancer. The incidence study found an increased but imprecise SIR for connective-
tissue and other soft-tissue cancer in men (1.43; 95% CI, 0.29-4.17); no increase in risk was found in 
women. 
 

 The committee concludes that there is inadequate/insufficient evidence to determine whether an 
association exists between chronic exposure to TCE or PCE and soft-tissue sarcoma. This constitutes a 
new conclusion, in that no conclusion was drawn in the 2003 IOM report. 
 
 
Melanoma 
 
IOM 2003 Conclusions 
 

IOM (2003) concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between chronic exposure to TCE, PCE, or unspecified mixtures of solvents and 
melanoma. 
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2008 Evaluation  
 

The updated literature on TCE and melanoma included seven cohort studies with cancer 
incidence or mortality data (Hansen et al. 2001; Morgan and Cassady 2002; Chang et al. 2003, 2005; 
Raaschou-Nielsen et al. 2003; Boice et al. 2006; Sung et al. 2007). The updated publications on PCE and 
melanoma included three cohort studies (Morgan and Cassady 2002; Blair et al. 2003; Chang et al. 2003). 
The study by Morgan and Cassady found a significantly increased SIR for residents in a community 
exposed to drinking water contaminated with TCE and PCE (SIR, 1.42; 99% CI, 1.13-1.77), but the 
authors attributed the observation to the high socioeconomic status (SES) of the residents of the 
community. The incidence patterns of other cancers in the community—especially those of lung, 
colorectal, and uterine cancer—appeared to be consistent with and supportive of the authors’ explanation. 
None of the other studies reported an increased risk of melanoma in those exposed to TCE or PCE. 
 

 The updated literature on TCE and PCE continues to support a conclusion that there is 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
these solvents and melanoma. 
 
 
Nonmelanoma Skin Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between chronic exposure to TCE, PCE, or unspecified mixtures of solvents and 
nonmelanoma skin cancer.  
 
 
2008 Evaluation  
 

No studies of TCE or PCE and nonmelanoma skin cancer were identified. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE or PCE and nonmelanoma skin cancer. 
 
 
Breast Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between chronic exposure to TCE, PCE, or unspecified mixtures of organic solvents 
and breast cancer. Results of occupational-cohort studies of breast-cancer risk were mixed (Garabrant et 
al. 1988; Shannon et al. 1988; Blair et al. 1990, 1998; Anttila et al. 1995; Morgan et al. 1998; Boice et al. 
1999; Hansen et al. 2001; Ruder et al. 2001). Those studies were limited by exposure misclassification, 
poor control for confounding, and low statistical power due to small numbers. Information on 
reproductive risk factors was available in the three case-control studies (including one community study), 
and their results showed positive associations between exposure to PCE and unspecified mixtures and 
breast cancer (Aschengrau et al. 1998; Hansen 1999; Band et al. 2000). The one case-control study of 
male breast cancer observed no association with exposure to solvents. 
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2008 Evaluation 
 

The committee identified five new or updated occupational-cohort studies that assesse breast-
cancer incidence or mortality associated with TCE or PCE (Blair et al. 2003; Chang et al. 2003, 2005; 
Raaschou-Nielsen et al. 2003; Sung et al 2007). The reported SIRs and SMRs ranged from 1.1 to 1.2 in 
most studies. Sung et al. (2007) found an SIR of 1.38 (95% CI, 1.11-1.70) in electronics workers 
employed before June 1974 and exposed to TCE and mixed solvents. Chang et al. (2003) reported an 
increased incidence of breast cancer in employees exposed to TCE and PCE at an electronics factory in 
Taiwan. The highest SIR was associated with 5-10 years of exposure (SIR, 1.69; 95% CI, 1.02-2.64), but 
the association was stronger for more recent employment than for employment 5 or 10 years before 
diagnosis. In an update of their 1998 case-control study in a community exposed to PCE-contaminated 
drinking water, Aschengrau et al. (2003) continued to see increased, but attenuated, associations with 
breast cancer (ORs ranged from 0.9 to 1.9 depending on exposure). There was no clear evidence of the 
appropriate latency period (Vieira et al. 2005). In a community-based cohort study of PCE and TCE 
contamination of the public drinking-water supply, the SIR was consistent with that in the occupational 
studies (1.09; 99% CI, 0.97-1.21) (Morgan and Cassidy 2002). The Aschengrau et al. study was the only 
new study that controlled for confounding by reproductive risk factors. No new studies included cases of 
male breast cancer. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE and female breast cancer. 

 On the basis of the new Aschengrau et al. (2003) study, the committee concludes that there is 
limited/suggestive evidence of an association between chronic exposure to PCE and breast cancer. This 
conclusion constitutes a change in the one drawn by IOM (2003). 
 
 
Cervical Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) identified five cohort studies with data on the incidence of or mortality from cervical 
cancer after TCE exposure (Anttila et al. 1995; Blair et al. 1998; Morgan et al. 1998; Boice et al. 1999; 
Hansen et al. 2001). All had fewer than five exposed cases. Increased risks were observed in three studies 
that used biologic monitoring (Anttila et al. 1995; Blair et al. 1998; Hansen et al. 2001), and two of the 
three reported an exposure-response relationship (Anttila et al. 1995; Blair et al. 1998). The followup in 
the other two studies was not long enough to observe any deaths from cervical cancer (Morgan et al. 
1998; Boice et al. 1999). Because of the concern about lack of control for SES and exposure to the human 
papilloma virus, IOM was not able to come to a consensus opinion on TCE exposure and cervical cancer. 

The Anttila et al. (1995) study observed an association between exposure to PCE and incidence of 
cervical cancer. Two mortality cohorts of dry-cleaning workers also observed increased risks, but there 
was no evidence of an exposure-response relationship (Blair et al. 1990; Ruder et al. 2001). A study of 
Swedish patients with solvent-related disorders reported an increased SMR for cervical cancer (Berlin et 
al. 1995). IOM concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between chronic exposure to PCE or unspecified mixtures of organic solvents and 
cervical cancer. 
 
 
2008 Evaluation 
 

The updated literature on TCE exposure and cervical cancer included several occupational-cohort 
studies with incidence data (Chang et al. 2003, 2005; Raaschou-Nielsen et al. 2003; Sung et al. 2007). 
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Raaschou-Nielsen et al. (2003) observed an SIR of 1.9 (95% CI, 1.4-2.4) in Danish workers; however, 
there was no evidence of an exposure-response relationship. The SIR in over 300 exposed electronics 
workers in Taiwan was not increased (Sung et al. 2007). In a mortality study of electronics manufacturing 
workers exposed to TCE and PCE, an association with cervical cancer was not observed (Chang et al. 
2003). In an incidence study of the same population, however, there was some indication of an exposure-
response relationship (Chang et al. 2005). There was no association with cervical cancer in an incidence 
study of a community exposed to TCE and PCE in drinking water (Morgan and Cassidy 2002). A cohort 
study of dry cleaners exposed to PCE and other dry-cleaning solvents found an increased SMR for 
cervical cancer, but there was no evidence of an exposure-response relationship. A case-control study of 
Nordic dry cleaners did not observe an association between PCE and cervical cancer in 36 cases in 
exposed people (Lynge et al. 2006). 
 

 The committee concludes that there is insufficient/inadequate evidence to determine whether an 
association exists between chronic exposure to TCE or PCE and cervical cancer. This constitutes a new 
conclusion for TCE, in that a consensus was not reached in the 2003 IOM report. 
 
 
Ovarian and Uterine Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) reviewed four cohort studies with incidence or mortality data on ovarian or uterine 
cancer and exposure to TCE, PCE, or mixed solvents (Blair et al. 1990; Morgan et al. 1998; Boice et al. 
1999; Hansen et al. 2001). No studies showed meaningful increases in the risk of those cancers. 
Furthermore, the number of cases in exposed people was extremely small: nine or fewer of either type in 
each study. Thus, IOM concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between chronic exposure to TCE or PCE and ovarian or uterine cancer. 
 
 
2008 Evaluation 
 

The updated literature for TCE and PCE exposure and ovarian and uterine cancer included 
several occupational-cohort studies with incidence or mortality data (Blair et al. 2003; Chang et al. 2003, 
2005; Raaschou-Nielsen et al. 2003; Sung et al. 2007). With the exception of increased but unstable rates 
of uterine and ovarian cancer reported in the incidence study of Taiwanese electronics workers (Chang et 
al. 2005), the studies did not indicate evidence of an association with TCE or PCE. Numbers of exposed 
cases in all studies were small. In a study of a community exposed to TCE and PCE in the public 
drinking-water supply, the SIRs for ovarian and uterine cancer were 1.16 (99% CI, 0.85-1.53) and 1.35 
(99% CI, 106-1.70), respectively (Morgan and Cassidy 2002). 
 

 The committee concludes that there continues to be inadequate/insufficient evidence to determine 
whether an association exists between chronic exposure to TCE or PCE and ovarian or uterine cancer. 
 
 
Prostate Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) reviewed nine cohort studies with incidence or mortality data on an association 
between TCE and prostate cancer (Wilcosky et al. 1984; Greenland et al. 1994; Anttila et al. 1995; Blair 
et al. 1998; Morgan et al. 1998; Boice et al. 1999; Ritz 1999; Hansen et al. 2001). The results were mixed. 



Copyright © National Academy of Sciences. All rights reserved.

Contaminated Water Supplies at Camp Lejeune: Assessing Potential Health Effects
http://www.nap.edu/catalog/12618.html

Review of Epidemiologic Studies 

Prepublication Copy  149 

Two cohort studies of dry-cleaning workers did not find an association between PCE and dry-cleaning 
solvents and prostate cancer (Blair et al. 1990; Ruder et al. 1994). Five cohort studies assessed exposure 
to unspecified mixtures of organic solvents and incidence of or mortality from prostatic cancer (Morgan 
et al. 1981; Matanoski et al. 1986; Garabrant et al. 1988; Greenland et al. 1994; Anttila et al. 1995; Boice 
et al. 1999). With the exception of the Anttila et al. study, which reported an SIR of 1.38 (95% CI, 0.73-
2.35) in all workers (13 cases in exposed people) and an SIR of 3.57 (95% CI, 1.54-7.02) in workers with 
over 20 years of exposure (eight cases), the risks were not increased. IOM concluded that there was 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
TCE or PCE and prostate cancer. 
 
 
2008 Evaluation 
 

The updated literature on occupational exposure to TCE and PCE and prostate cancer includes 
two cohort studies (Raaschou-Nielsen et al. 2003; Boice et al. 2006) and one case-control study 
(Krishnadasan et al. 2007) of workers exposed to TCE, one cohort study of dry cleaners exposed to PCE 
and dry-cleaning solvents (Blair et al 2003), and one study of electronics workers exposed to TCE and 
PCE (Chang et al. 2003). No positive risks were observed. A study of a community exposed to TCE and 
PCE in drinking water reported an SIR of 1.11 (99% CI, 0.98-1.25) (Morgan and Cassady 2002). 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE and prostate cancer. 
 
 
Bladder Cancer 
 
IOM 2003 Conclusions 
 

IOM (2003) reviewed seven cohort studies of occupational exposure to TCE that evaluated 
bladder-cancer incidence or mortality and one case-control study and concluded that there was 
insufficient/inadequate evidence to determine whether an association exists. That conclusion was based 
on weak and imprecise associations, low statistical power, and probable exposure misclassification. 
However, IOM concluded that there is limited/suggestive evidence of an association between chronic 
exposure to PCE and dry-cleaning solvents and bladder cancer. That conclusion was based on cohort 
studies (Blair et al. 1990; Ruder et al. 2001) and case-control studies (Schoenberg et al. 1984; Smith et al. 
1985; Teschke et al. 1997; Pesch et al. 2000a) of dry cleaners that found increased risks of bladder cancer. 
In addition, a community study of PCE-contaminated drinking water found evidence of a positive 
exposure-response relationship (Aschengrau et al. 1993). The evidence of an association with chronic 
exposure to unspecified mixtures of organic solvents was also determined to be limited/suggestive on the 
basis of consistent positive findings in four case-control studies (Schoenberg et al. 1984; Morrison et al. 
1985; Jensen et al. 1987; Pesch et al. 2000b) and cohort studies of painters (Steenland and Palu 1999) and 
aircraft workers (Garabrant et al. 1988). 
 
 
2008 Evaluation 
 

The committee identified four new cohort studies of occupational groups potentially exposed to 
TCE (Raaschou-Nielsen et al. 2003; Zhao et al. 2005; Boice et al. 2006; Sung et al. 2007) and one in 
which exposures to TCE and to PCE were not distinguished (Chang et al. 2003). The results were 
inconsistent. In the continued followup study of dry-cleaning workers (Blair et al 2003), the SMR for 
bladder cancer was increased at 1.3 (95% CI, 0.7-2.4) but lower than in the first report. A new cohort 
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study of dry cleaners found a positive association between exposure and bladder cancer with some 
evidence of a positive exposure-response relationship (Lynge et al. 2006). A study of a community 
exposed to TCE and PCE in the public drinking-water supply found no evidence of an increased risk of 
bladder cancer after exposure (Morgan and Cassidy 2002). There were no new studies of unspecified 
mixtures. 
 

 The committee concludes that there continues to be inadequate/insufficient evidence to determine 
whether an association exists between chronic exposure to TCE and bladder cancer. The evidence on PCE 
and mixtures of organic solvents continues to support a conclusion that there is limited/suggestive 
evidence of an association between chronic exposure to PCE or mixtures of organic solvents and bladder 
cancer. 
 
 
Kidney Cancer 
 
IOM 2003 Conclusions 
 

For TCE, positive associations with kidney cancer were suggested by three studies (Henschler et 
al. 1995; Vamvakas et al. 1998; Pesch et al. 2000b). On the basis of an apparent cluster of cases, 
Henschler et al. (1995) conducted a retrospective cohort study in a cardboard factory in Germany to 
examine the association between TCE exposure and renal cell cancer. The study group included 169 men 
who had been exposed to TCE for at least 1 year between 1956 and 1975. The study reported incident 
kidney cancer among five exposed men (RR of 7.9; 95% CI, 2.59-8.59). A case-control study in the same 
region of Germany reported an elevated risk of kidney cancer (OR of 10.8; 95% CI, 3.36-34.7) 
(Vamvakas et al. 1998). The findings from the German cohort study raised interest because of the long 
employment period (an average of 34 years) and the potential for high exposure to TCE. Another case-
control study in multiple regions of Germany reported an increased  risk of kidney cancer among men 
with presumed substantial TCE exposure (Pesch et al. 2000b). Collectively, the IOM committee judged 
the studies insufficient for drawing conclusions because they had small sample sizes, one had poor 
exposure data (self reports in Vamvakas et al. 1998), one was a cluster investigation (Henschler et al. 
1995), and the results of the Pesch et al. (2000b) study were not persuasive.  

However, the results of several well-conducted epidemiologic studies of PCE (McCredie and 
Stewart 1993; Mandel et al. 1995; Pesch et al. 2000b) warranted a conclusion that there was 
limited/suggestive evidence of an association between chronic exposure to PCE and kidney cancer. IOM 
was unable to reach a consensus conclusion on unspecified mixtures of organic solvents. 
 
 
2008 Evaluation  
 

The updated literature on TCE and kidney cancer included six cohort studies with cancer 
incidence or mortality data (Morgan and Cassady 2002; Chang et al. 2003; Raaschou-Nielsen et al. 2003; 
Zhao et al. 2005; Boice et al. 2006; Sung et al. 2007) and two case-control studies (Bruning et al. 2003; 
Charbotel et al. 2006). The updated literature on PCE and kidney cancer included three cohort studies 
(Morgan and Cassady 2002; Blair et al. 2003; Chang et al. 2003) and two case-control studies (Bruning et 
al. 2003; Lynge et al. 2006). Several of the cohort studies of TCE reported an increased risk of kidney 
cancer, including in some the appearance of a dose-response relationship on the basis of years of 
employment or presumed higher exposure levels. For example, Raaschou-Nielsen et al. (2003) reported 
an SIR of 1.6 (95% CI, 1.1-2.3) in men employed for 5 years or more; Zhao et al. (2005) found an SIR of 
4.90 (95% CI, 1.23-19.6) for an estimated high level of TCE exposure of aerospace workers. The results 
were often based on a relatively small number of exposed persons and varied quality of exposure data and 
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methods of exposure assessment. The few studies of PCE largely showed no increase in risk, although 
most effect estimates are imprecise because of the very small number of exposed cases. 
 

 On the basis of the available data, the committee concludes that there is limited/suggestive 
evidence of an association between chronic exposure to TCE or PCE and kidney cancer. In the case of 
TCE, that conclusion constitutes a change in the one drawn by IOM (2003). 

 Because consensus was not reached on a characterization of the data on mixtures of organic 
solvents and kidney cancer, the committee performed its own evaluation of the data in the IOM (2003) 
report. The committee concluded that reports of positive associations in multiple studies, even in the 
context of study limitations and negative studies, were sufficient to state that the evidence of an 
association between mixtures of organic solvents and kidney cancer is limited/suggestive. 
 
 
Cancer of the Brain or Central Nervous System 
 
IOM 2003 Conclusions 
 

Some studies found some positive associations between TCE and brain cancer (Heineman et al. 
1994; Rodvall et al. 1996; Ritz 1999), but IOM (2003) judged that the cohort and case-control studies 
were limited by confounding by other exposures, imprecise effect estimates, and lack of specificity of 
brain-tumor type. Thus, the evidence on chronic exposure to TCE and brain or central nervous system 
(CNS) cancer was characterized as inadequate/insufficient to determine whether an association exists. 
With regard to PCE, no consistent pattern of increased relative risk was found, so the evidence was 
judged to be inadequate/insufficient to determine whether there is an association between chronic 
exposure to PCE and brain or CNS cancer. Although some positive associations were reported in studies 
of unspecified mixtures of solvents, the evidence was considered inadequate/insufficient to determine 
whether an association exists. 
 
 
2008 Evaluation  
 

The updated literature on TCE and brain or CNS cancer included several cohort studies with 
cancer incidence or mortality data (Hansen et al. 2001; Morgan and Cassady 2002; Chang et al. 2003, 
2005; Raaschou-Nielsen et al. 2003; Zhao et al. 2005; Boice et al. 2006; Sung et al. 2007). The updated 
literature on PCE and brain or CNS cancer included three cohort studies (Morgan and Cassady 2002; 
Blair et al. 2003; Chang et al. 2003). The studies of TCE did not show an increase in risk except the 
Morgan and Cassady study of drinking water contaminated with TCE and perchlorate, which reported a 
weakly increased SIR of 1.54 (95% CI, 0.96-2.31). The small number of studies of PCE generally showed 
no increase in risk.. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE or PCE and brain or CNS cancer. 
 
 
Non-Hodgkin Lymphoma 
 
IOM 2003 Conclusions 
 

IOM (2003) reviewed two cohort studies that involved exposure to TCE (Wilcosky et al. 1984; 
Blair et al. 1998) and that suggested an increased risk of dying from non-Hodgkin lymphoma. In the 
Wilcosky et al. study, rubber workers were exposed to numerous other chemicals. The Blair et al. study 
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found no evidence of a dose-response relationship with respect to mortality and no association in relation 
to incidence. A case-control study showed a strong association between TCE and non-Hodgkin 
lymphoma, but IOM judged it highly probable that the RRs were overstated. Thus, IOM concluded that 
there was inadequate/insufficient evidence to determine whether an association exists between chronic 
exposure to TCE, PCE, or unspecified mixtures of solvents and non-Hodgkin lymphoma. Statistical 
fluctuation was cited as an important reason for drawing that conclusion. 
 
 
2008 Evaluation  
 

The updated literature on TCE and non-Hodgkin lymphoma included four cohort studies with 
cancer incidence or mortality data (Morgan and Cassady 2002; Raaschou-Nielsen et al. 2003; Zhao et al. 
2005; Boice et al. 2006) and two case-control studies (Miligi et al. 2006; Seidler et al 2007). In an 
occupational-cohort study, male Danish workers exposed to TCE had a weakly increased risk of non-
Hodgkin lymphoma, and there appeared to be a dose-response relationship—the SIRs for those employed 
for less than 1 year, for 1-4.9 years, and for 5 years or more were 1.1 (95% CI, 0.7-1.6), 1.3 (95% CI, 0.9-
1.8), and 1.4 (95% CI, 0.9-2.0), respectively (Raaschou-Nielsen et al. 2003). A similar pattern was 
observed in female workers in the same study. The case-control study by Seidler et al. (2007) found that 
German workers exposed to TCE at concentrations greater than 35 ppm/year had an increased risk of B-
cell non-Hodgkin lymphoma (OR, 2.3; 95% CI, 1.0-5.3). The updated literature on PCE and non-Hodgkin 
lymphoma included two cohort studies (Morgan and Cassady 2002; Blair et al. 2003) and three case-
control studies (Lynge et al. 2006; Miligi et al. 2006; Seidler et al. 2007). None of the studies reported an 
association between exposure to PCE and non-Hodgkin lymphoma. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE or PCE and non-Hodgkin lymphoma.  
 
 
Hodgkin Disease 
 
IOM 2003 Conclusions 
 

Because of the small numbers of exposed cases in the available studies and a lack of specific or 
validated exposure-assessment information in the studies reviewed, IOM (2003) concluded that there was 
inadequate/insufficient evidence to determine whether an association exists between chronic exposure to 
TCE, PCE, or unspecified mixtures of solvents and Hodgkin disease.  
 
 
2008 Evaluation  
 

The updated literature on TCE and Hodgkin disease included five cohort studies with cancer 
incidence or mortality data (Hansen et al. 2001; Morgan and Cassady 2002; Chang et al. 2003; Raaschou-
Nielsen et al. 2003; Boice et al. 2006) and one case-control study (Seidler et al. 2007). The updated 
literature on PCE and Hodgkin disease included three cohort studies (Morgan and Cassady 2002; Blair et 
al. 2003; Chang et al. 2003) and one case-control study (Seidler et al. 2007). The newer studies were still 
characterized by small numbers of exposed cases and provided no persuasive evidence of an association 
between TCE or PCE and Hodgkin disease. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE or PCE and Hodgkin disease. 



Copyright © National Academy of Sciences. All rights reserved.

Contaminated Water Supplies at Camp Lejeune: Assessing Potential Health Effects
http://www.nap.edu/catalog/12618.html

Review of Epidemiologic Studies 

Prepublication Copy  153 

Multiple Myeloma 
 
IOM 2003 Conclusions 
 

Given a lack of positive findings, IOM (2003) concluded that there was inadequate/insufficient 
evidence to determine whether an association exists between chronic exposure to TCE or PCE and 
multiple myeloma. A number of studies of painters found an increased risk of multiple myeloma after 
exposure to solvent mixtures. Thus, IOM concluded that there was limited/suggestive evidence of an 
association between chronic exposure to solvents (as observed in studies of painters) and multiple 
myeloma.  
 
 
2008 Evaluation  
 

The updated literature on TCE and multiple myeloma included two cohort studies with cancer 
incidence or mortality data (Raaschou-Nielsen et al. 2003; Boice et al. 2006) and one case-control study 
(Seidler et al. 2007). None of the three studies suggested an association between exposure to TCE and 
multiple myeloma. The SIR in male Danish workers who held jobs with TCE exposure for at least 3 
months was 1.1 (95% CI, 0.70-1.52). The updated literature on PCE and multiple myeloma included one 
cohort study (Blair et al. 2003) and one case-control study (Seidler et al. 2007). Both studies had small 
numbers of exposed cases (seven or fewer) and found no persuasive evidence of an association. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE or PCE and multiple myeloma. IOM’s conclusion that there is 
limited/suggestive evidence of an association between chronic exposure to solvents and multiple 
myeloma also remains unchanged. 
 
 
Adult Leukemia  
 
IOM 2003 Conclusions 
 

Owing to the small number of relevant studies and the lack of consistently positive findings, IOM 
(2003) concluded that there was inadequate/insufficient evidence to determine whether an association 
exists between chronic exposure to TCE or PCE and adult leukemia. However, the findings on 
unspecified mixtures of organic solvents and adult leukemia showed increased RRs, including two studies 
that found evidence of a dose-response relationship. IOM concluded that there was limited/suggestive 
evidence of an association between chronic exposure to unspecified mixtures of organic solvents and 
adult leukemia. 
 
 
2008 Evaluation  
 

The updated literature on TCE and adult leukemia included five cohort studies with cancer 
incidence or mortality data (Morgan and Cassady 2002; Chang et al. 2003; Raaschou-Nielsen et al. 2003; 
Boice et al. 2006; Sung et al. 2007) and one case-control study (Seidler et al. 2007). The updated 
literature on PCE and adult leukemia included three cohort studies (Morgan and Cassady 2002; Blair et 
al. 2003; Chang et al. 2003) and one case-control study (Seidler et al. 2007). The study by Morgan and 
Cassady (2002) did not find any change in leukemia incidence in residents of a community exposed to 
drinking water contaminated with TCE and PCE (SIR, 1.02; 99% CI, 0.74-1.35). The risk of adult 
leukemia was not linked to exposure to TCE or PCE in any of the other newly identified studies. 



Copyright © National Academy of Sciences. All rights reserved.

Contaminated Water Supplies at Camp Lejeune: Assessing Potential Health Effects
http://www.nap.edu/catalog/12618.html

Contaminated Water Supplies at Camp Lejeune—Assessing Potential Health Effects 

154 Prepublication Copy 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE or PCE and adult leukemia. IOM’s conclusion that there is 
limited/suggestive evidence of an association between chronic exposure to unspecified mixtures of 
organic solvents and adult leukemia also remains unchanged. 
 
 
Myelodysplastic Syndromes  
 
IOM 2003 Conclusions 
 

All the studies reviewed in the IOM (2003) report were case-control studies. None focused 
specifically on TCE or PCE. Most of the studies evaluated unspecified mixtures of organic solvents and 
relied on self-reported exposures. All but one study found consistently positive ORs. IOM concluded that 
there was limited/suggestive evidence of an association between chronic exposure to unspecified mixtures 
of organic solvents and myelodysplastic syndromes but drew no conclusions about individual solvents. 
 
 
2008 Evaluation  
 

No new studies focusing on TCE or PCE and myelodysplastic syndromes were identified.  
 

 The committee concludes there is inadequate/insufficient evidence to determine whether an 
association exists between chronic exposure to TCE or PCE and myelodysplastic syndromes. IOM’s 
conclusion that there was limited/suggestive evidence of an association between chronic exposure to 
unspecified mixtures of organic solvents and myelodysplastic syndromes remains unchanged. 
 
 
Childhood Leukemia 
 
IOM 2003 Conclusions 
 

IOM (2003) was unable to reach a consensus conclusion regarding the relationship between 
exposure to organic solvents and childhood leukemia. Several studies found positive associations with 
exposure to solvents. Some studies were limited by misclassification bias related to self-reporting of 
exposure, and some were limited by looking at all childhood leukemia or focusing on specific cell types. 
Because of these factors, some IOM committee members believed that the evidence fulfilled the category 
of inadequate/insufficient evidence to determine whether an association exists; others believed that it was 
limited/suggestive of an association.  
 
 
2008 Evaluation  
 

The updated literature on TCE and childhood leukemia included one cohort study with incidence 
data (Morgan and Cassady 2002) and one case-control study (Costas et al. 2002). Updated literature on 
PCE and childhood leukemia included one cohort study with incidence data (Morgan and Cassady 2002) 
and two case-control studies (Costas et al. 2002; Infante-Rivard et al. 2005). The cohort study by Morgan 
and Cassady (2002) did not find any change in the incidence of childhood leukemia in residents of a 
community exposed to drinking water contaminated with TCE and PCE (SIR, 1.09; 99% CI, 0.38-2.31). 
The case-control study found no association between maternal occupational exposure to PCE and 
leukemia in offspring (Infante-Rivard et al. 2005). The OR for maternal PCE exposure from 2 years 
before pregnancy to birth was 0.96 (95% CI, 0.41-2.25), and the OR for maternal PCE exposure during 
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pregnancy was 0.84 (95% CI, 0.30-2.34). The case-control study by Costas et al. (2002) suggested a dose-
response relationship between cumulative exposure to water from municipal drinking water contaminated 
with TCE, PCE, and other chemicals and childhood leukemia. However, the interpretation of such a 
finding is limited by the small number of exposed cases (10) and the uncertainty in exposure assessment. 
 

 On the basis of the available literature, the committee concludes that there is 
inadequate/insufficient evidence to determine whether an association exists between TCE or PCE and 
childhood leukemia. This constitutes a new conclusion, in that consensus was not reached in the 2003 
IOM report. 
 
 
Childhood Neuroblastoma 
 
IOM 2003 Conclusions 
 

A case-control study found few associations between maternal or paternal occupational exposure 
to solvents, including TCE or PCE, and neuroblastoma in offspring (De Roos et al. 2001). IOM (2003) 
concluded that there was inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to solvents and neuroblastoma.  
 
 
2008 Evaluation  
 

No new studies on solvent exposure and neuroblastoma were found. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE or PCE and neuroblastoma. 
 
 
Childhood Brain Cancer 
 
IOM 2003 Conclusions 
 

One of two case-control studies found some associations between maternal (OR, 0.9-3.2) or 
paternal (OR, 0.4-2.3) occupational exposure to solvents (as a group) and childhood brain cancer in 
offspring (Cordier et al. 1997). IOM (2003) concluded that there was inadequate/insufficient evidence to 
determine whether an association exists between chronic exposure to solvents and childhood brain cancer.  
 
 
2008 Evaluation  
 

A study by Morgan and Cassady (2002) study did not find an association between community 
exposure to water contaminated with TCE and PCE and childhood brain cancer. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE or PCE and childhood brain cancer. 
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Noncancer End Points 
 
Aplastic Anemia 
 
IOM 2003 Conclusions 
 

The IOM (2003) report included a total of three studies (all case-control studies) of organic 
solvents (other than benzene) and aplastic anemia. One study reported a significantly increased risk, and 
the other two did not find an association. None of the three studies focused on TCE or PCE. On the basis 
of results, IOM concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between exposure to specific organic solvents (other than benzene) or solvent mixtures 
and aplastic anemia. 
 
 
2008 Evaluation  
 

No additional studies of TCE or PCE and aplastic anemia were identified. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE or PCE and aplastic anemia. 
 
 
Congenital Malformations 
 
IOM 2003 Conclusions 
 

A small number of studies that examined parental solvent exposure before or during pregnancy 
did not find a pattern of association except for a study of gastroschisis that reported several increased but 
imprecise ORs (Torfs et al. 1996). IOM (2003) concluded that there was inadequate/insufficient evidence 
to determine whether an association exists between chronic exposure to solvents and congenital 
malformations. 
 
 
2008 Evaluation  
 

A community study that assessed residential proximity to a TCE-emitting facility did not find an 
overall association with congenital heart defects but reported an association with presumed TCE exposure 
among older mothers (among exposed mothers 38 years or older) and such defects (OR, 4.1; 95% CI, 1.5-
11.2) (Yauck et al. 2004). A case-control study of maternal occupational exposure to organic solvent 
mixtures found an increased but very imprecise OR (9.2; 95% CI, 2.5-35.3) for oral clefts among 
offspring (Chevrier et al. 2006). 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between chronic exposure to TCE or PCE and congenital malformations. 
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Male Fertility 
 
IOM 2003 Conclusions 
 

Many studies have investigated potential paternal occupational exposure to solvents and male 
infertility. They used occupation or industry as a surrogate for solvent exposure. IOM (2003) reviewed 
only studies that had a better characterization of solvent exposure. Nonetheless, only one study performed 
a specific assessment of TCE or PCE exposure. The five studies reviewed by IOM that examined male 
solvent exposure and effects that persisted after cessation of exposure had inconsistent results, including 
some associations with poorer semen quality. Most studies tended to be small and recruited men from 
infertility clinics or couples seeking an infertility consultation. Others reported inconsistent associations 
between solvents and indirect measures of fertility, including hormone concentrations and time to 
pregnancy. IOM concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between chronic exposure to solvents and male infertility.  
 
 
2008 Evaluation  
 

A study of men occupationally exposed to solvents (painters and millwrights) reported an 
association between increasing follicle-stimulating hormone and indexes of exposure to all solvents and 
to chlorinated solvents (Luderer et al. 2004). No association with luteinizing hormone concentration or 
time to pregnancy was found. 
 

 The committee concludes that there continues to be inadequate/insufficient evidence to determine 
whether an association exists between chronic exposure to TCE or PCE and male infertility. 
 
 
Female Fertility  
 
IOM 2003 Conclusions 
 

A few studies have evaluated miscellaneous solvent exposure, not TCE or PCE specifically, in 
relation to fecundability (ability to become pregnant), typically measured as time to pregnancy. In those 
studies, a lower hazard ratio means that conception was less likely in exposed than in unexposed women. 
Reduced fecundability was found in female printing-industry workers (fecundability ratio, 0.52; 95% CI, 
0.28-0.99) (Plenge-Bonig and Karmaus 1999), women in jobs determined by biologic monitoring to have 
high solvent exposure (fecundability ratio, 0.41; 95% CI, 0.27-0.62) (Sallmen et al. 1995), and 
semiconductor-industry workers exposed to ethylene glycol ethers (fecundability ratio, 0.37; 95% CI, 
0.11-1.19) (Eskenazi et al. 1995). One additional study used subfertility, the inability to conceive within 1 
year, as the outcome measure and found an increased risk in female semiconductor workers (OR, 4.6; 
95% CI, 1.6-13.3) (Correa et al. 1996). The only reported estimates of effects of TCE and PCE exposure 
come from the study by Sallmen et al. (1995), who found fecundability ratios of 0.61 (95% CI, 0.28-1.33) 
and 0.69 (95% CI, 0.31-1.52), respectively, consistent with the pattern for solvents in general. IOM 
concluded that there was inadequate/insufficient evidence to determine whether an association exists 
between exposure to TCE, PCE, or other solvents reviewed and female infertility after cessation of 
exposure. It drew no conclusions about the evidence on concurrent exposure to solvents and effects on 
fertility, because its review focused on fertility risks to veterans after deployment (after cessation of 
exposure). 
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2008 Evaluation 
 

No additional studies addressing female infertility were identified after the 2003 IOM report. The 
committee evaluated the studies included in that review (see above) to draw conclusions about the 
evidence on concurrent exposure to solvents and female fertility. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between exposure to TCE or PCE and female infertility after exposure cessation; this agrees with IOM 
(2003).  

 The committee concludes that there is limited/suggestive evidence of an association between 
concurrent exposure to solvents and female infertility, which was not addressed in the 2003 IOM report. 
 
 
Pregnancy Outcomes (Maternal Exposure) 
 
IOM 2003 Conclusions 
 

The IOM (2003) report focused on delayed or chronic effects of exposure that are manifested in 
adverse pregnancy outcomes after cessation of exposure. IOM summarized the available evidence, which 
was primarily on exposure during pregnancy. Preconception exposure of women and later adverse 
pregnancy outcomes were not addressed in any of the studies. A number of studies have suggested that 
maternal exposure to solvents in general and dry-cleaning work in particular are associated with 
miscarriage. Four studies that reported some evidence of an association between maternal dry-cleaning 
employment and miscarriage were cited (Kyyronen et al. 1989; Ahlborg 1990; Olsen et al. 1990; Doyle et 
al. 1997), and a greater number of other reports suggested an association with other sources of 
occupational solvent exposure, including work in semiconductor plants, shoe factories, and laboratories. 
Although consistent among studies, the quality of exposure assessment in all the studies is limited, and 
there are difficulties to identifying and documenting the occurrence of miscarriage accurately. Few 
studies have considered other pregnancy outcomes (such as preterm birth and fetal growth restriction), 
and they yielded little support of an association. IOM concluded that there was inadequate/insufficient 
evidence to determine whether an association exists between maternal preconception exposure to TCE, 
PCE, or other solvents reviewed and miscarriage or other adverse pregnancy outcomes. It drew no 
conclusions about the evidence on exposure during pregnancy, because its review was focused on risks to 
veterans of war and it was assumed that no female soldiers were pregnant while deployed. 
 
 
2008 Evaluation 
 

No additional studies of maternal solvent exposure and miscarriage were identified. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between maternal preconception exposure to TCE or PCE and miscarriage or other adverse pregnancy 
outcomes (such as preterm birth and fetal growth restriction). 

 The committee concludes there is inadequate/insufficient evidence to determine whether an 
association exists between maternal solvent exposure during pregnancy and preterm birth or fetal growth 
restriction. 

 The committee concludes that there is limited/suggestive evidence of an association between 
maternal exposure to PCE (and to solvents in general) during pregnancy and miscarriage. 
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Pregnancy Outcomes (Paternal Exposure) 
 
IOM 2003 Conclusions 
 

Four studies that addressed paternal exposure to solvents and pregnancy outcomes were 
identified. Scattered positive associations were reported but no consistent evidence of an association with 
miscarriage, the most frequently studied pregnancy outcome. The studies tended to be small, relied on 
self-reported exposure, and had indirect assessment of solvent exposure (and not specifically exposure to 
TCE or PCE). The one study of dry-cleaning workers (Eskenazi et al. 1991) did not find a positive 
association. IOM concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between paternal exposure to TCE, PCE, or other solvents reviewed and miscarriage or 
other adverse pregnancy outcomes. 
 
 
2008 Evaluation 
 

No additional studies of paternal solvent exposure and pregnancy outcomes were identified. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between paternal exposure to TCE, PCE, and other solvents and adverse pregnancy outcomes. 
 
 
Cardiovascular Effects 
 
IOM 2003 Conclusions 
 

IOM found a number of studies of short-term effects of acute, relatively high-dose exposure to 
solvents. Effects tended to be exacerbation of symptoms of underlying cardiovascular disease that were 
reversible. Many cohort mortality studies of solvent-exposed workers have been conducted, but they were 
limited by the healthy-worker effect to various degrees, and none provided much support of increased 
mortality from cardiovascular disease associated with solvent exposure. The magnitude of solvent 
exposure encountered in occupational settings would be substantially greater than that in the community, 
and the solvents would be inhaled or absorbed dermally, unlike the ingestion found in community studies. 
IOM concluded that there was inadequate/insufficient evidence to determine whether an association exists 
between exposure to specific solvents and cardiovascular disease. 
 
 
2008 Evaluation 
 

Several studies have extended the followup of dry-cleaning workers (Ruder et al. 2001; Blair et 
al. 2003) and continue to generate evidence of no increase in mortality from cardiovascular disease.  
 

 The committee concludes that there continues to be inadequate/insufficient evidence to determine 
whether an association exists between solvent exposure and cardiovascular disease. 
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Hepatic Effects 
 
IOM 2003 Conclusions 
 

Liver function. Acute, high-level TCE exposure has effects on liver function, as does exposure to 
other solvents, but there is little evidence of lingering effects of chronic low-level exposure. Studies of 
workers with chronic exposure to solvents (such as painters and dry-cleaning workers) have not shown 
abnormal enzyme concentrations indicative of deleterious effects on liver function. Mild increases in 
hepatic enzymes have been noted in a few studies, but the studies did not differentiate past and current, 
continuous solvent exposure, so it was not possible to distinguish long- and short-term effects. 

Hepatic steatosis. Acute, high-level exposure to such solvents as chloroform and carbon 
tetrachloride causes injury to the liver. Case series and some small epidemiologic studies of 
petrochemical and dry-cleaning workers indicate that a variety of solvents can cause fatty changes in the 
liver (steatosis) and that the problem persists after exposure ceases (Dossing et al. 1983; Redlich et al. 
1990; Cotrim et al. 1999). The association seems clear for acute effects of high-level solvent exposure, 
but the dose-response gradient and the temporal course of exposure, response, and potential reversal are 
not well established.  

Cirrhosis. Except for some case reports of cirrhosis associated with high-level solvent exposure, 
there are few informative data on solvent exposure and cirrhosis. Some studies of solvent-exposed 
workers have suggested an increased risk of cirrhosis, but the substantial influence of alcohol use and 
viral exposure on risk leaves open the potential for serious confounding.  
 

 IOM concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between exposure to TCE, PCE, or other solvents reviewed and chronic changes in 
hepatic function or cirrhosis. 

 IOM concluded there was limited/suggestive evidence of an association between chronic 
exposure to solvents in general and hepatic steatosis that “could persist” after cessation of exposure.  
 
 
2008 Evaluation 
 

Extended followup of dry-cleaning workers continues to show no increased risk of hepatic effects 
(Ruder et al. 2001; Blair et al. 2003). 
 

 The committee concludes that there continues to be inadequate/insufficient evidence determine 
whether an association exists between solvent exposure and changes in hepatic function or cirrhosis and 
limited/suggestive evidence of an association between chronic exposure to solvents and hepatic steatosis, 
which may persist after cessation of exposure. 
 
 
Gastrointestinal Effects 
 
IOM 2003 Conclusions 
 

The only gastrointestinal effect that has been investigated as a possible consequence of solvent 
exposure is chronic pancreatitis. It is a persistent inflammatory condition strongly affected by alcohol 
consumption. One study examined a variety of occupational exposures in relation to chronic pancreatitis 
(McNamee et al. 1994), including solvent-exposed occupations, but found only an imprecise suggestion 
of a possible association with high cumulative exposure to chlorinated solvents. IOM concluded that there 
was inadequate/insufficient evidence to determine whether an association exists between exposure to 
TCE, PCE, or other solvents reviewed and chronic pancreatitis. 
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2008 Evaluation 
 
No additional studies of solvent exposure and gastrointestinal effects were identified. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between solvent exposure and gastrointestinal effects. 
 
 
Renal Effects 
 
IOM 2003 Conclusions 
 

Several renal diseases have been examined in epidemiologic studies, including such specific 
conditions as acute tubular necrosis and chronic glomerulonephritis and such nonspecific conditions as 
indicators of renal function and end-stage renal disease. Studies of the effects of short-term and long-term 
solvent exposure on renal function below the threshold of clinical disease have yielded some support of 
an association between exposure to high concentrations of solvents and acute tubular necrosis. A series of 
case-control studies have evaluated chronic glomerulonephritis, an immune-mediated disease, in relation 
to solvent exposure and have yielded mixed evidence of an association, including several reasonably 
strong positive studies showing dose-response gradients. None of the studies addressed TCE or PCE 
directly; the closest any came was one that reported an association with “degreasing agents” (Porro et al. 
1992). IOM concluded that there was limited/suggestive evidence of an association between exposure to 
solvent mixtures and chronic glomerulonephritis. Several studies have addressed the effect of solvent 
exposure on indicators of renal function; they used various magnitudes of exposure and had varied quality 
of exposure assessment. One study (Steenland et al. 1990) reported a fairly strong association between 
degreasing solvents and end-stage renal disease.  
 
 
2008 Evaluation 
 

No new studies of solvent exposure and glomerulonephritis were identified. An occupational-
cohort study of aircraft-maintenance employees implicates solvents and points toward TCE more than 
PCE in relation to end-stage renal disease (Radican et al. 2006). Retrospective exposure assessment was 
detailed and identified greater than two-fold increases in risk with higher exposure. Study of renal 
function in workers exposed to TCE showed decrements in renal function in the clinically normal range 
(Green et al. 2004). The additional evidence strengthens the quantity and quality of information on TCE. 
 

 The committee concludes that there continues to be limited/suggestive evidence of an association 
between mixed solvent exposure and chronic glomerulonephritis but inadequate/insufficient evidence to 
determine whether an association exists specifically between TCE or PCE and chronic 
glomerulonephritis.  
 
 
Systemic Rheumatic Disease 
 
IOM 2003 Conclusions 
 

Scleroderma, an autoimmune disease resulting in abnormal growth of connective tissue, has been 
addressed in several epidemiologic studies in relation to occupational solvent exposure, most of which 
relied on job-exposure matrices to infer solvent exposure. A report by Nietert et al. (1998) found an OR of 
3.3 (95% CI, 1.0-10.3) for TCE and scleroderma in men but not in women, who have a higher overall risk 
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of this disease. Other small, relatively crude studies with limited exposure assessment have generated 
mixed findings regarding the existence of an association. IOM concluded that there was 
inadequate/insufficient evidence to determine whether an association exists between solvent exposure and 
scleroderma. 
 
 
2008 Evaluation 
 

Since the IOM review, there have been four studies of solvent exposure and scleroderma that 
used more sophisticated methods of assessing exposure. A case-control study of women in Michigan 
considered self-reported and expert-confirmed exposure and found a two-fold increased risk associated 
with TCE exposure but no association with PCE exposure (Garabrant et al. 2003). A case-control study in 
France found markedly increased risk of scleroderma associated with solvents, which challenges the 
plausibility of the findings, but the list of implicated solvents included TCE (Diot et al. 2002). A small 
study of women in Hungary found an increased risk associated with solvent exposure (Czirják and 
Kumanovics 2002). Finally, a case-control study in Italy found that solvent exposure increased the risk of 
scleroderma by a factor of 2.5 (Bovenzi et al. 2004). 
 

 On the basis of the findings of new studies, the committee concludes that the evidence of an 
association between mixed solvent exposure and scleroderma is limited/suggestive and that some 
evidence points toward TCE exposure in particular. This constitutes a change in IOM’s 2003 conclusion. 
 
 
Amyotrophic Lateral Sclerosis 
 
IOM 2003 Conclusions 
 

IOM (2003) considered four case-control studies in evaluating the association between solvent 
exposure and amyotrophic lateral sclerosis (ALS) (Chio et al. 1991; Gunnarsson et al. 1992; Strickland et 
al. 1996; McGuire et al. 1997). Chio et al. defined exposure by using occupational information drawn 
from hospital charts and municipal records. Gunnarsson et al. and Strickland et al. used only self-reported 
exposure. Only McGuire et al. (1997) used a more sophisticated assessment of exposure by a panel of 
industrial hygienists. In that study, the age- and education-adjusted OR for self-reported exposure to 
solvents in both men and women was 1.6 (95% CI, 1.1-2.5). However, when the industrial-hygiene 
assessment was used, the association was attenuated (OR, 1.2; 95% CI, 0.8-1.9). Of 28 specific agents 
assessed, only “cleaning solvents or degreasers” had a positive association with both self-reported 
exposure (OR, 1.8; 95% CI, 1.2-2.8) and industrial-hygiene assessment (OR, 1.9; 95%: CI 1.1-3.3). The 
association was limited to females in stratified models, and there was no evidence of a dose-response 
relationship. On the basis of the results of that study and the insufficiency of exposure assessment in the 
other studies, IOM concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between exposure to solvents and ALS.  
 
 
2008 Evaluation 
 

No new studies of exposure to solvents and ALS 2003 were identified. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between exposure to solvents and ALS. 
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Parkinson Disease 
 
IOM 2003 Conclusions 
 

IOM (2003) evaluated studies with only Parkinson disease as the outcome measure rather than the 
more generic diagnosis of parkinsonism. Only two studies were found to be sufficiently rigorous in 
design to be useful in providing evidence on the relationship between solvent exposure and Parkinson 
disease (Hertzman et al. 1994; Seidler et al. 1996). Both were case-control studies that used prevalent 
cases, and one of the studies (Hertzman et al. 1994) focused on pesticides and presented little pertaining 
to solvent exposure. Although both studies found an association between past exposure to solvents and 
Parkinson disease, they were likely to have been subject to recall bias. Overall, little attention has been 
focused on solvent exposure as a risk factor for Parkinson disease. IOM concluded that there was 
inadequate/insufficient evidence to determine whether an association exists between exposure to the 
solvents reviewed and Parkinson disease.  
 
 
2008 Evaluation 
 

The relationship between exposure to solvents and Parkinson disease was assessed in a case-
control study in the United Kingdom that was restricted to men (McDonnell et al. 2003). Potential cases 
(176) were obtained by searching the pension-fund archive of a major engineering company for death 
certificates that mentioned Parkinson disease, and potential controls (599) were identified from the same 
database. Exposure to solvents was determined on the basis of occupational records, which were not 
available for many subjects. In the end, 57 people with the diagnosis (32% of the 176) and 206 controls 
(34% of the 599) were included in the analysis. Thirty-one people with the disease and 93 controls had 
worked in jobs involving exposure to solvents; the OR was 1.53 (95% CI, 0.81-2.87). There was a 
significant trend in the odds of disease with increasing duration of exposure. The study included a small 
number of cases and lacked information on other possible risk factors or confounders.  

Another case-control study of Parkinson disease assessed the role of solvent exposure (Dick et al. 
2007). It was conducted in five European countries and included 767 prevalent cases and 1,989 controls. 
Cases were ascertained through clinical visits or by reviewing medical records, and the control group 
included a mixture of hospital controls and community controls. Subjects were interviewed about lifetime 
occupational and hobby-related exposure to solvents. The OR was 1.01 (95% CI, 0.84-1.23) for any 
exposure to solvents. When average annual intensity of exposure was evaluated, the ORs for those with 
low and high exposure were 1.17 (95% CI, 0.92-1.50) and 0.88 (0.69-1.12), respectively. This study is 
characterized by a large number of subjects and provided no evidence of an association between solvent 
exposure and Parkinson disease.  

A study by Gash et al. (2008) included a group of 30 workers at a single factory who had long-
term (8-33 years) chronic exposure to TCE. The study was initiated because one of the workers had 
received a diagnosis of Parkinson disease and suspected that his occupational exposure to TCE was a 
factor in his disease. The investigators mailed questionnaires to 134 former workers, of whom 65 
responded and 27 agreed to a clinical examination. Three workers with workstations adjacent to the TCE 
source and subjected to chronic inhalation and dermal exposure from the handling of TCE-soaked metal 
parts had Parkinson disease, whereas workers more distant from the TCE source and receiving chronic 
respiratory exposure displayed features of parkinsonism. Because of the “cluster investigation” type of 
design, the significance of the study is difficult to judge.  
 

 The committee concludes that there continues to be inadequate/insufficient evidence to determine 
whether an association exists between solvent exposure and Parkinson disease. 
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Multiple Sclerosis 
 
IOM 2003 Conclusions 
 

At the time of the IOM (2003) report, four case-control studies of solvent exposure (in general) 
and multiple sclerosis (MS) had been conducted in Scandinavia. Two had negative results, and the other 
two, conducted in Sweden and based on overlapping populations, reported some positive associations 
between self-reported occupational and leisure-time solvent exposure and MS in men. The positive 
findings are tempered by the limited quality of exposure assessment, the lack of adjustment for potential 
confounders, and small sample and were thus short of “limited/suggestive” evidence of an association. No 
studies focused specifically on TCE or PCE were found. IOM concluded that there was 
inadequate/insufficient evidence to determine whether an association exists between exposure to TCE, 
PCE, or other solvents reviewed and MS. 
 
 
2008 Evaluation 
 

No additional studies of solvent exposure and MS were identified. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between solvent exposure and MS.  
 
 
Alzheimer Disease  
 
IOM 2003 Conclusions 
 

After evaluating five studies of solvent exposure and Alzheimer disease, all of which were case-
control studies, IOM (2003) concluded that there was inadequate/insufficient evidence to determine 
whether an association exists between exposure to the solvents under review and the disease. The very 
nature of the disease—late onset and dementia leading to the need for proxy respondents—makes it 
extremely difficult to study the association. Several authors commented that occupational solvent 
exposure is most likely to occur in men, but population-based studies suggest that women are at greater 
risk for Alzheimer disease.  
 
 
2008 Evaluation 
 

The committee identified a study that was not included in the 2003 IOM review (Tyas et al. 
2001). It evaluated the relationship between solvent exposure and Alzheimer disease in a prospective 
cohort. Cognitively intact subjects completed a questionnaire that assessed many potential risk factors, 
including exposure to solvents. Five years later, 36 subjects developed the disease, and 694 remained 
cognitively intact. The analysis for exposure to solvents (degreasers), which included 28 cases and 531 
noncases, resulted in an OR of 0.88 (95% CI, 0.31-2.50). Although the study had a unique design, it does 
not have a major effect on the overall evidence to determine whether an association exists between 
solvent exposure and Alzheimer disease.  
 

 The committee concludes that there continues to be inadequate/insufficient evidence to determine 
whether an association exists between solvent exposure and Alzheimer disease.  
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Neurobehavioral Effects 
 
IOM 2003 Conclusions 
 

Review of over 300 studies of solvent exposure and neurobehavioral symptoms (such as fatigue, 
lack of coordination, and sensory disturbances) or neurobehavioral test results (such as results of tests of 
attention, reaction time, and visuomotor coordination) by IOM (2003) yielded only seven studies that had 
isolated former exposure from current exposure. The only way to identify chronic effects that continue 
past the period of active exposure is through studies that consider formerly (but not currently) solvent-
exposed people. Of those studies, several (Mikkelsen et al. 1988; Parkinson et al. 1990; Hanninen et al. 
1991; Daniell et al. 1993; Lundberg et al. 1995; Stollery 1996) found evidence of continued deficits in 
formerly solvent-exposed workers compared with reasonably constituted unexposed groups. Many studies 
compared painters or other solvent-exposed workers with people in similar occupations (such as 
carpentry) that did not have the same exposure history. The most specific and sophisticated evaluation of 
those previously exposed to solvents was conducted by Daniell et al. (1999), who found dose-dependent 
effects on neurobehavioral function some time after cessation of exposure. Although each of the studies 
found that one or more symptoms or test realms showed a deficit in function, there is not much 
consistency among the studies in which specific symptom or test was found to be affected, the 
comparison groups are not necessarily precisely comparable, and confounding factors were controlled to 
various degrees, so even relatively consistent evidence of some effects falls short of conclusive data. IOM 
concluded that there is limited/suggestive evidence of an association between past exposure to solvents 
and neurobehavioral outcomes, with the most support for decrements in visuomotor and motor function, 
for fatigue, for headache, and for difficulty in concentrating. 
 
 
2008 Evaluation 
 

Recent studies have addressed the relationship between solvent exposure and neurobehavioral 
outcomes, including one focused on TCE (Reif et al. 2003) and one on PCE (Janulewicz et al. 2008). The 
study by Reif et al. (2003) evaluated neurobehavioral function in 184 adults who had been exposed 
through contaminated drinking water many years before testing. Higher exposure was associated with 
poorer performance on several tests (such as digit symbol and contrast sensitivity) and with increased 
symptoms (such as confusion, depression, and tension). The study of PCE (Janulewicz et al. 2008) 
addressed prenatal exposure in the Cape Cod water-contamination episode and evaluated school records 
for indications of learning or behavioral disorders. It found essentially no support of such an association. 
The studies of community water-supply contamination continue to provide mixed findings, as was found 
in the 2003 IOM report. 
 

 The committee concludes that there continues to be limited/suggestive evidence of an association 
between past solvent exposure and neurobehavioral outcomes. 
 
 
Long-Term Reduction in Color Discrimination  
 
IOM 2003 Conclusions 
 

IOM (2003) reviewed a series of studies of occupational solvent exposure that addressed an ill-
defined combination of past and present solvent exposure in relation to measures of color discrimination. 
Because the exposure was continuing, it is not possible from these studies, a number of which provide 
evidence of a relationship between solvent exposure and reduction in color discrimination, to address the 
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question of whether there is a long-term effect that continues beyond the period of exposure. One report 
addressed dry-cleaning workers exposed to PCE (Gobba et al. 1998) and found that there was a dose-
related decrement in visual discrimination that did not decline after a period of diminishing exposure but, 
as in other studies, there was no exposure-free interval before visual testing, so the study results do not 
address whether PCE’s effects were short-term or long-term. IOM concluded that there was 
inadequate/insufficient evidence to determine whether an association exists between exposure to TCE, 
PCE, or other solvents reviewed and long-term reduction in color discrimination. 
 
 
2008 Evaluation 
 

A report by Schreiber et al. (2002) that was not included in the IOM review evaluated residents 
who lived in an apartment building or attended day care above a dry-cleaning facility. Changes in visual 
contrast sensitivity and visual acuity were addressed but not color discrimination itself. The authors 
reported that visual contrast sensitivity but not visual acuity was reduced. No additional reports on 
reduction in color discrimination were identified. 
 

 The committee concludes that there continues to be inadequate/insufficient evidence to determine 
whether an association exists between exposure to TCE or PCE and long-term reduction in color 
discrimination.  
 
 
Long-Term Hearing Loss 
 
IOM 2003 Conclusions 
 

IOM (2003) reviewed a series of studies addressing the potential for occupational solvent 
exposure to exacerbate the well-established adverse effect of noise exposure on hearing. Several of the 
studies that were reviewed yielded evidence that supported the hypothesis that workers exposed to 
solvents and noise would experience greater hearing loss than those exposed to noise alone (Bergström 
and Nyström 1986; Morata et al. 1993, 1997a), but none considered whether there is a long-term effect of 
solvents that continues beyond the period of exposure, and there is some evidence that the effect is a 
short-term one. IOM concluded that there was inadequate/insufficient evidence to determine whether an 
association exists between exposure to TCE, PCE, or other solvents and long-term hearing loss. 
 
 
2008 Evaluation 
 

No additional studies of solvent exposure and long-term hearing loss were identified  
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between exposure to TCE, PCE, or other solvents and long-term hearing loss. 
 
 
Long-Term Reduction in Olfactory Function 
 
IOM 2003 Conclusions 
 

Several cross-sectional studies addressed occupational solvent exposure and reduction in 
olfactory function. Studies of paint manufacturing were mixed—one positive (Schwartz et al. 1990) and 
the other negative (Sandmark et al. 1989)—and the one study of toluene exposure reported a positive 
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association (Hotz et al. 1992). In all cases, exposure was current, and no study could evaluate whether any 
adverse effects persisted beyond the period of exposure. IOM concluded that there was 
inadequate/insufficient evidence to determine whether an association exists between exposure to TCE, 
PCE, or other solvents and long-term reduction in olfactory function. 
 
 
2008 Evaluation 
 

No additional studies of solvent exposure and long-term reduction in olfactory function were 
identified. 
 

 There continues to be inadequate/insufficient evidence to determine whether an association exists 
between exposure to TCE, PCE, or other solvents and long-term reduction in olfactory function. 
 
 

CONCLUSIONS 
 

The committee undertook a general review of the epidemiologic evidence on TCE, PCE, and 
solvent mixtures. On the basis of the reviews referred to in this chapter, the committee concludes that the 
strongest evidence of an association between TCE or PCE and health outcomes is in the category of 
limited/suggestive evidence of an association related to the following end points: 
 

 Esophageal cancer (PCE) 
 Lung cancer (PCE) 
 Breast cancer (PCE) 
 Bladder cancer (PCE) 
 Kidney cancer (TCE, PCE) 
 Miscarriage (PCE) 

 
The strongest evidence of an association between solvent mixtures and health outcomes is in the 

category of limited/suggestive evidence of an association related to the following end points: 
 

 Adult leukemia 
 Multiple myeloma 
 Kidney toxicity  
 Liver toxicity (hepatic steatosis) 
 Female infertility 
 Scleroderma 
 Neurobehavioral effects 

 
For all other outcomes considered, the committee categorized the evidence as 

inadequate/insufficient for determining whether associations exit. 
Chapter 6 presents a more detailed review of the epidemiologic studies that involved community 

exposure to drinking water contaminated with TCE or PCE, and Chapter 8 reviews studies of former 
Camp Lejeune residents. Chapter 7 provides an integrated discussion of the epidemiologic evidence in 
context with the toxicologic evidence on TCE and PCE. 
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Epidemiologic Studies of Solvent-Contaminated 
Water Supplies 

 
The results of studies of human populations that were exposed to solvents through water supplies 

were included as part of the comprehensive evaluations of the epidemiologic literature provided in 
Chapter 5. In those evaluations, the epidemiologic literature was considered comprehensively to evaluate 
a global question: What is the evidence that a particular chemical may be associated with a specific health 
outcome? The studies were dominated by occupational studies of dry cleaners and other workers, which 
typically have greater exposures that are well documented but are restricted to populations of relatively 
healthy men and involve exposure pathways that differ from those at Camp Lejeune. 

This chapter focuses more on studies that addressed situations that approximate the circumstances 
at Camp Lejeune more closely (see Table 6-1). Those situations involve episodes of solvent 
contamination of water used by a community’s population for drinking, bathing, and other purposes. As 
at Camp Lejeune, a population’s water supply was contaminated with solvents from industrial sources, 
distributed to the public, and used for household purposes. Thus, such studies have had to grapple with 
the same methodologic challenges that face investigators of the Camp Lejeune situation, including 
exposure assessment, population identification, potential confounding factors, and small study size and 
statistical power. The exposed populations typically include the full spectrum of people—all ages, both 
sexes, and varied health status (including pregnancy)—with varied behavior related to water use and 
widely varying background influences on disease risk. 

An examination of those studies in more detail contributes to the context and strategy for 
addressing environmental health concerns at Camp Lejeune. First, there may be methodologic lessons to 
be learned, such as beneficial research strategies that would be suitable for application to epidemiologic 
studies of Camp Lejeune. Second, as noted above, the studies share some important characteristics with 
the Camp Lejeune situation. Thus, in setting priorities for outcomes warranting attention at Camp 
Lejeune, the committee considered the studies of contaminated community water supplies as a 
distinctively relevant group of epidemiologic studies. Unfortunately, as noted below, methodologic 
limitations limited the contribution of such studies despite their advantages in being somewhat analogous 
to the Camp Lejeune water-contamination situation. 

 
METHODS 

 
Study Designs 

 
The contamination events whose study is in Table 6-1 came to attention in a variety of ways. In 

one instance, a disease cluster raised attention (Mallin 1990), but it appears that all the others came to 
notice because environmental contamination raised concern about potential health effects among exposed  
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residents. All the studies included a broad enough geographic area or period to contrast disease risks in 
people with greater and smaller degrees of exposure associated with the contamination, and the quality of 
the exposure assessment varied widely among the studies. A time element was also used to define 
exposure, such as residence in a specific location over a specific calendar period. In some instances, 
people were asked detailed questions to help to characterize exposure beyond the geography and the 
period of contamination related to water use. Because exposure was driven largely by residential location, 
the studies are susceptible to confounding by the many geographically based attributes that affect disease 
other than the exposure of interest, such as socioeconomic differences or associated lifestyle factors, for 
example, tobacco or alcohol use and quality of medical care that might affect diagnoses. Some studies 
(Hertz-Picciotto et al. 1992; Aschengrau et al. 1993, 1998; Costas et al. 2002; Reif et al. 2003) included 
individual interviews, which made it possible to assess and consider a variety of potential confounders in 
the analysis.  
 
 

Exposure Assessment 
 

Table 6-2 presents exposure data from the studies in Table 6-1 that monitored concentrations of 
trichloroethylene (TCE), perchloroethylene (PCE), and other solvents in production wells from which 
water was pumped for delivery to the distribution systems of the affected communities. The way in which 
the episodes studied were identified (the discovery of contaminated water supplies at some time) means 
that monitoring data on a water supply for the putative agents were largely nonexistent except for periods 
close to or right after identification of the problem, as was the case at Camp Lejeune. In Woburn, 
Massachusetts, for example, concerns about possible contamination from industrial wastes in the late 
1970s led to the testing and closing of wells in which increased concentrations of TCE (267 ppb) and 
PCE (21 ppb) were detected (Lagakos et al. 1986). The Santa Clara County contamination incident in 
California is another example of a well’s being shut down immediately after the detection of high 
concentrations of trichloroethane (1,700 ppb) (Deane et al. 1989). Another well-known contamination 
episode occurred in Cape Cod, Massachusetts, as a result of leaching of PCE from the vinyl lining of 
asbestos-cement water-distribution pipes. The lining of the pipes had been applied in the late 1960s, but 
the contamination was discovered only after sampling was carried out more than 10 years later. In that 
instance, the range of the measurements collected throughout the distribution system constituted evidence 
of spatial variability in contaminant concentrations: concentrations at low-use locations (1,600-7,750 
µg/L) were 20-5,000 times higher than those at high-use locations (1.5-80 µg/L). 

To compensate for the lack of monitoring data in studies of increased health risks associated with 
contaminated drinking water, investigators used exposure assessments whose complexity depended on the 
sources of data and the metrics. One of the simplest surrogates of exposure relied on residential proximity 
to the source of contamination. In those cases, exposure was inferred from residence in areas served by 
contaminated wells (Deane et al. 1989; Swan et al. 1989; Goldberg et al. 1990; Wrensch et al. 1990; Lee 
et al. 2003); in one study, the inference was aided by groundwater transport and fate models to define 
potentially exposed areas (Rodenbeck et al. 2000) and in another by groundwater sampling (albeit later 
than the study period) to verify the classification of exposed areas downstream of the source (hazardous-
waste site) of the contamination (Lee et al. 2003). In the only study that relied on biologic monitoring to 
evaluate potential solvent exposure, Vartiainen et al. (1993) compared urinary metabolites of TCE and 
PCE (dichloroacetic acid and trichloroacetic acid) in residents of municipalities with and without 
groundwater contamination.  

More sophisticated exposure-assessment approaches have used hydraulic modeling of the water-
distribution system that accounts for the pumping of water from both contaminated and uncontaminated 
wells and for characteristics of the pipe network (such as geometry, age, diameter, and leaks). For 
example, several studies of the potentially affected community in Woburn, Massachusetts, used a 
hydraulic mixing model to estimate the fraction of water received by each residence weekly (Lagakos et 
al. 1986) or monthly (MDPH/CDC/MHRI 1996; Costas et al. 2002) from contaminated wells. Wrensch et  
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al. (1990) developed a groundwater fate and transport model to estimate concentrations of trichloroethane 
in the aquifer that supplied water to the production well (in which the contamination was detected); the 
results were coupled to a water-distribution model to estimate the probability that water from the 
contaminated well reached specific locations in the distribution system. In studies carried out to 
investigate the cancer risk posed by PCE-contaminated drinking water in Cape Cod, Massachusetts, 
investigators used a water-distribution model (the Webler-Brown model) that predicted the amount of 
PCE leaching from the vinyl-lined pipes and then transported to residences served by the distribution 
systems (Aschengrau et al. 1993, 1998; Paulu et al. 1999); the modeling effort was later improved on by 
using geographic information systems (GISs) (rather than tax-assessor maps) to geocode key elements of 
the water-distribution system and study participants’ residences (Aschengrau et al. 2003). Reif et al. 
(2003) also took advantage of the capabilities of GISs and linked residences of persons living near the 
Rocky Mountain Arsenal whose water supply had been contaminated with TCE to results from a 
hydraulic model (EPANET) to reconstruct 1985 contaminant concentrations at specific nodes in the 
distribution system. 

Cognizant that exposure is influenced not only by concentrations of a contaminant in drinking 
water but by the amount of water consumed or used in other ways, investigators have also gathered 
individual-level information about consumption patterns, bathing and showering habits, and other water-
related behavior with questionnaires or interviews. The resulting data have been used to form the primary 
exposure measure for evaluating the associations between contaminated drinking water and adverse 
health outcomes (for example, consumption of cold tap water by source and year) (Shaw et al. 1990) and 
have been incorporated as covariates in the multiple logistic regression models that have been applied. 
For example, in addition to evaluating the effect of living in an area served by a contaminated well in 
Santa Clara, California, consumption of cold tap water at home (Deane et al. 1989; Wrensch et al. 1990) 
and water-filter use (Wrensch et al. 1990) were assessed. To evaluate heterogeneity in the effects of 
contaminated water on cancer risk due to water-related behavior, stratified analyses by usual bathing 
habits (mostly showers, mostly baths, or about equal baths and showers) were conducted in the studies 
carried out in the Upper Cape region of Massachusetts (Ashengrau et al. 1993, 1998; Paulu et al. 1999). It 
would be of interest to examine results of studies that used more and less sophisticated approaches to 
assess exposure, but the contamination episodes are so different from one another that it is impossible to 
isolate the quality of exposure assessment as an independent influence on the final results.  
 
 

Health-Outcome Assessment 
 
With few exceptions (such as the study of neurobehavioral function in a Colorado population exposed to 
solvents [Reif et al. 2003] and the study of pregnancy outcome in Santa Clara, California [Hertz-Picciotto 
et al. 1992]), all the studies have assessed health outcomes on the basis of existing records. Much of the 
attention in those studies has been on birth outcomes, including the information obtainable through birth 
records, which constitute one of the few universal health registry systems available in the United States 
and eliminate concerns about nonresponse. For all geographic areas and for all periods going back several 
decades, birth weight, duration of gestation, and selected social and demographic factors can be 
ascertained. Thus, a number of studies addressed birth weight, preterm birth, and stillbirth. 

Some areas have population-based registries of congenital defects and cancer that provide 
comprehensive coverage of geographically defined populations and periods and allow evaluation of 
associations with exposures also defined by geography and time. Studies of cancer in Massachusetts, 
Illinois, and New Jersey have relied on outcome ascertainment from population-based registries (Fagliano 
et al. 1990; Burg and Gist 1999; Aschengrau et al. 2003). The advantage of using established birth or 
disease registries is efficiency in time and expense of the studies, but they are limited by the quality of the 
registries (with respect to comprehensiveness and accuracy of diagnoses) and constrain the scope of 
studies to the subset of health outcomes on which data are available. Pregnancy outcomes and cancer are 
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often important concerns in episodes of solvent-contaminated water, but they are rarely the only concerns, 
and other outcomes remain unaddressed.  

The alternative approach, applied in Colorado (Reif et al. 2003) and California (Deane et al. 
1989; Hertz-Picciotto et al. 1992) is to identify the population of concern on the basis of exposure (a 
product of location and time), sample that population to include the desired exposure contrasts, and 
conduct more detailed health assessments of individuals. Reif et al. (2003) selected residentially exposed 
persons and tested neurobehavioral characteristics, outcomes not otherwise assessable with existing 
registries. Similarly, miscarriage assessment requires collecting information directly from potentially 
affected people, as was done in Santa Clara, California. There is a marked increase in the expense, but the 
approach allows a focus on the health outcomes of greatest concern rather than those on which data are 
readily available. In contrast, the need to rely on respondent cooperation to identify people and include 
them in a study incurs a cost in the potential for bias due to nonparticipation, which is not a problem with 
registry-based studies. The quality of self-reported data may also be lower for some outcomes.  
 
 

RESULTS 
 

The studies of populations exposed to contaminated water supplies have generated a wide array 
of positive associations, as reflected in Table 6-1. . Among the most increased relative risks were those 
for congenital heart defects (odds ratio [OR], 2.6; 95% confidence interval [CI], 2.0-3.4) in Tucson, 
Arizona (Bove et al. 2002); spontaneous abortion (OR, 2.3; 95% CI, 1.3-4.2) and congenital defects (OR, 
3.1; 95% CI, 1.1-10.4) in Santa Clara, California (Deane et al. 1989); and liver cancer (OR, 2.6; 95% CI, 
1.2-5.5) in Taoyuan County, Taiwan (Lee et al. 2003).  

Although the evidence linking solvents in water supplies to individual outcomes seems 
impressive in specific studies, the lack of corroboration among studies (or even attempted corroboration 
in many instances) weakens their credibility. Furthermore, these largely opportunistic studies typically 
considered the full array of available outcomes from birth certificates, registries, and other available 
sources and reported the positive findings that emerged from such broad explorations. The universe of 
other outcomes considered in the studies is not always clear, and the broader universe of investigations of 
water-contamination episodes that did not identify “interesting” associations and were therefore never 
published is also unknown and could be substantial. In addition, the focus in many cases on rare outcomes 
(such as individual birth defects and childhood cancers) renders the resulting risk estimates highly 
imprecise and driven by as few as two or three cases. Although it is possible that some of the scattered, 
isolated findings are meaningful and could eventually be proved to indicate a replicable association with a 
specific health outcome, the results presented in Table 6-1 do not support such a conclusion. Therefore, 
even acknowledging that the studies are more directly comparable with the Camp Lejeune circumstances 
than the methodologically stronger studies discussed in Chapter 5, the committee concluded that the 
epidemiologic literature would be most effectively used if all of it, rather than only studies of community 
water-contamination episodes, were comprehensively evaluated. The studies reviewed in this chapter 
were given extra attention because of their applicability, and in some instances (such as the evidence 
linking water solvents to breast cancer on Cape Cod [Aschengrau et al. 1998, 2003]) the findings 
contributed substantially to identifying priorities. However, our interpretation of the epidemiologic 
studies in their totality was not dominated by them. 
 
 

DISCUSSION 
 

The studies discussed in this chapter yielded reports that were deemed by the investigators and 
scientific journals to be worthy of publication and that might have generated a disproportionate 
representation of positive findings. The findings of those studies should not be viewed as a representative 
or comprehensive set of findings, because investigation of contamination episodes is commonly 
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undertaken by health departments but rarely reported in the literature. Relative to studies of occupational 
cohorts, which often have much higher and better documented exposures and large populations, the 
community studies are limited by the quality of exposure data and to various extents by the low size of 
their populations, particularly if such rare outcomes as childhood leukemia and congenital defects are 
being addressed. Even if the different routes of exposure—inhalation vs ingestion—are recognized, the 
occupational studies tend to dominate the evidence. The committee has incorporated the information from 
solvent water-contamination studies, as warranted, into the overall assessments of the epidemiologic 
evidence as reflected in the tables and categorization of evidence in Chapter 5 and focuses here on any 
special contributions as a function of the more direct relevance of water contamination as the source of 
exposure. 

With regard to methods, the studies in this chapter have largely started with the conventional 
approach of characterizing a broad geographic area and period and relating health outcomes to estimated 
exposure. However, several have gone further in refining the exposure estimates by using sophisticated 
engineering models (particularly in Woburn, Massachusetts) in ways that are broadly applicable to the 
situation at Camp Lejeune. Similarly, the Cape Cod studies have gone beyond routinely available 
information on water source to estimate delivered dose.  

The strategy pursued by Reif et al. (2003) and in the series of Santa Clara, California, studies (for 
example, Wrensch et al. 1990) also warrants consideration. They began with an episode of environmental 
contamination but proceeded to conduct individual data collection with interviews, medical records, and, 
in the case of the Denver, Colorado, episode, direct evaluation of potentially affected individuals. 
Available records have merit as a starting point, but for many health outcomes of interest it is essential to 
go further to collect new data. 
 
 

CONCLUSIONS 
 

Collectively, the epidemiologic studies of solvent contamination of water supplies and adverse 
health effects are of limited quality  If their distinctive strengths and limitations are taken into account, 
such studies contribute to the overall assessment of the epidemiologic literature, but the committee has 
judged that their strengths (comparability with Camp Lejeune in exposure pathways and diversity of 
exposed population) do not overcome their limitations (especially quality of exposure assessment, lower 
range of exposure, and imprecision in measures of association) to allow identification of high-priority 
outcomes on the basis of their results alone.  
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7 
 
 

Integration of Findings from the Toxicologic and 
Epidemiologic Literature 

 
The charge to the committee was to review the scientific evidence concerning associations 

between exposure to contaminated water and adverse health effects applicable to the population at Camp 
Lejeune. To address the general evidence on health effects of trichloroethylene (TCE) and 
perchloroethylene (PCE), the committee reviewed the toxicologic literature (see Chapters 3 and 4) and the 
epidemiologic literature (see Chapters 5 and 6) for a comprehensive array of health outcomes, drawing on 
recent authoritative reviews where feasible and appropriate. This chapter considers those sets of literature 
together to identify health outcomes that are most plausibly due to TCE and PCE, focusing on health 
outcomes on which the lines of evidence converge. 

In evaluating the potential for toxic effects in humans from a chemical exposure, data from 
human studies are usually considered the most relevant. However, human data are often limited by the 
size of the population(s) studied, the information on actual exposure concentrations, and other 
confounding factors. Thus, data from toxicologic studies are also used to evaluate the potential for various 
health effects from exposure to chemicals under more controlled conditions and usually at higher 
exposure concentrations than in the human population. The strength of the toxicologic data is dependent 
on the size, number, and types of studies conducted, as well as replication of study designs and results. 
The relevance of the animal data to humans is dependent on those factors as well as a number of 
toxicokinetic and dynamic factors, and they must be weighed carefully in evaluating the potential for 
environmental exposures to cause various health effects in humans. 

In the following sections, the human and animal toxicologic data are discussed briefly for those 
health outcomes for which some information was available from both types of evidence. In some cases, 
the human data weighed more heavily because of the strength of the data and/or the association with the 
exposure. In other cases, the animal data weighed more heavily because of greater integrity of the data or 
more in-depth evaluation of the dose-response relationship and mechanisms involved. 
 
 

CANCER OUTCOMES 
 

Chapter 5 reviewed the epidemiologic studies and concluded that there was limited/suggestive 
evidence of an association between chronic exposure to TCE or PCE and cancers of the breast, bladder, 
kidneys, esophagus, and lungs. Toxicologic studies did not report significantly increased cancers of the 
breast, bladder, or esophagus, and rodent lung cancers were judged not to be relevant to humans because 
of known species differences in metabolism and organ sensitivity. Thus, for outcomes having 
limited/suggestive epidemiologic evidence of an association, positive concordance with the toxicologic 
evidence was strongest for kidney cancer. Studies of TCE and PCE found increases in kidney cancer in 
rats treated chronically at high doses. The mechanism by which the solvents exert their effects on the 
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kidneys appears to be similar in rats and humans, and this strengthens the plausibility that these solvents 
caused kidney cancer in the occupational studies that found suggestive evidence of associations. 

Toxicologic studies have reported findings of liver cancer, lung cancer, male reproductive 
cancers, and mononuclear-cell leukemia in mice or rats exposed to high concentrations of TCE or PCE, 
but species differences in metabolism and response indicate that these cancers are not relevant to humans 
(see more detailed discussion in Chapter 4). The epidemiologic evidence on these cancers (except lung 
cancer) was judged to be inadequate/insufficient to determine whether associations exist. 
 
 

NONCANCER OUTCOMES 
 

Hepatic Toxicity 
 

Animal toxicity studies indicate that high concentrations of TCE and PCE are required to induce 
hepatocellular injury (cell replication, peroxisome proliferation, DNA adducts, and increase in serum 
enzymes released from damaged cells). Mice have a greater capacity to oxidize these solvents than 
humans. The epidemiologic evidence also shows clear effects of acute, high-level exposure to TCE and 
other solvents on the liver, but there is little evidence of persistent effects of chronic low-level exposure. 
The strongest evidence in the epidemiologic literature is limited/suggestive evidence of an association 
between chronic exposure to solvents and hepatic steatosis. 
 
 

Renal Toxicity 
 

TCE and PCE have some nephrotoxic potential in rodents and humans. Animal toxicity studies 
indicate that high concentrations of TCE and PCE are required to induce nephrotoxicity, such as injury to 
the proximal tubules, glomerulonephropathy, and karyomegaly. Chronic injury to cells of the proximal 
tubule is considered a prerequisite for the development of kidney cancer caused by TCE. The metabolism 
and mode of nephrotoxic action of TCE and PCE appear to be similar, although PCE and its metabolites 
appear to be more potent. Renal effects are due primarily to metabolites formed via the glutathione 
conjugation pathway. This metabolic pathway is similar qualitatively, but not quantitatively, in rats and 
humans. Humans have been shown to have a lower capacity than rats to convert TCE and PCE to reactive 
derivatives of glutathione conjugates. Epidemiologic studies of the effects of short-term and long-term 
solvent exposure on renal function have yielded limited/suggestive evidence of an association between 
high levels of solvent exposure, but not chronic low-level exposure, and acute tubular necrosis. A series 
of case-control studies of chronic glomerulonephritis in relation to solvent exposure have generated 
mixed evidence regarding an association; several reasonably strong positive studies showed dose-
response gradients. 
 
 

Reproductive Outcomes 
 

The committee found independent toxicologic and epidemiologic evidence of associations 
between exposure to solvents and reproductive outcomes, but there was limited convergence for specific 
reproductive end points. For example, toxicologic studies have reported adverse effects on indicators of 
male fertility in rats and mice after high-dose exposure to TCE and PCE, respectively. Findings in human 
studies were not sufficiently consistent to support any firm conclusions, but a few studies showed a 
potential association with male infertility. With regard to female fertility, the epidemiologic evidence 
suggested an association between solvents in general and reduced fecundability (the ability to become 
pregnant), but there was little evidence in the toxicology literature to support female infertility, even after 
exposure at high concentrations. 
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The human evidence of an association between chronic exposure to TCE or PCE and congenital 
malformations was judged to be inadequate to support conclusions. However, the toxicologic data provide 
strong evidence that neither solvent is associated with congenital malformations in rats. Adverse 
pregnancy outcomes (other than congenital malformations) were not seen in toxicologic studies of 
maternal exposure to TCE in rats, but reduced fetal weight in rats was seen in studies of maternal 
exposure to PCE. Data on female rats exposed before mating and during pregnancy indicate reduced 
offspring survival at high concentrations. Studies of mating pairs of rats or mice exposed during mating 
and throughout one or more pregnancies also showed reduced numbers of litters and increased perinatal 
mortality. Epidemiologic evidence provides some indication that solvent exposure during but not before 
pregnancy is associated with miscarriage but not with preterm birth or reduced birth weight, and there is 
no direct evidence on perinatal mortality. Although specific parallels between reduced litter size and 
perinatal mortality in rodent models and increased miscarriage in humans should not be drawn, the data 
suggest some corroboration of adverse reproductive effects of exposure during gestation. Pregnancy 
outcomes in rats after high maternal inhalation exposure to PCE indicate a reduction in intrauterine 
growth. Epidemiologic studies have addressed fetal growth after exposure to solvents in general and have 
not found sufficient evidence of an adverse effect. Only a few toxicologic studies of pregnancy outcomes 
after exposure of males before mating are available, and they indicate a reduction in number of litters at 
high inhalation concentrations. The epidemiologic evidence on paternal exposure to TCE and adverse 
pregnancy outcomes was inadequate/insufficient to support any conclusions. 
 
 

Neurologic Effects 
 

Epidemiologic studies of solvent exposure and neurobehavioral outcomes have for the most part 
addressed nonspecific solvents or solvents in the aggregate. Overall, there is limited/suggestive evidence 
of an association between principally inhalation exposure to solvents and neurobehavioral outcomes; the 
most support is of visuomotor and motor function, fatigue, headache, and deficits in concentration. Most 
of those effects were reported concurrently with exposure, and there has been little study of whether 
effects persist after exposure ceases. Animal toxicologic studies also report effects on the nervous system, 
such as depression of the central nervous system, attention deficits, deficits in visual discrimination, 
alterations in visual evoked potentials, altered sleep pattern, and reduced exploratory behavior in rats and 
rabbits exposed for weeks to moderate vapor concentrations of TCE. These changes generally appear to 
be reversible. Residual auditory loss resulting from losses of cochlear spiral ganglion and hair cells have 
been observed in rats inhaling high concentrations of TCE. Similar effects have been found in rodents 
exposed to PCE. In addition, studies of PCE have shown changes in behavior and neurochemical markers 
at lower levels. Some animal data suggest sensitive windows during development when organisms are 
more susceptible to PCE exposure, which results in alterations of neurologic development and behavior. 
 
 

Immunologic Outcomes 
 

Epidemiologic studies have provided some support of two immunologically mediated end points: 
chronic glomerulonephritis and scleroderma. There is limited/suggestive evidence of an association 
between mixed solvent exposure and both end points and some indication of a specific association 
between TCE and scleroderma. The toxicologic data provide strong evidence that TCE can act as a skin 
sensitizer, modulate existing asthma, produce immunosuppression, and influence autoimmune diseases. 
Data on PCE have only a suggestion of effects on allergic sensitization and immunosuppression. 
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CONCLUSIONS 
 

The committee did not find sufficient evidence to justify causal inference for any health effects it 
reviewed. However, some effects were identified from a review of the collective evidence from 
epidemiologic and toxicologic investigations as being relevant health outcomes to consider in future 
studies of exposures at Camp Lejeune, including kidney cancer, renal toxicity, hepatic toxicity, 
neurotoxicity, and autoimmune disease. Although other health end points with less support from the 
existing literature should not be excluded from consideration, such findings are more likely to reflect 
random error if not supported by additional contexts in the literature. 
 



Copyright © National Academy of Sciences. All rights reserved.

Contaminated Water Supplies at Camp Lejeune: Assessing Potential Health Effects
http://www.nap.edu/catalog/12618.html

Prepublication Copy 187 

8 
 
 

Studies of the Camp Lejeune Population 

 
This chapter summarizes research that directly addresses the potential impact of contaminated 

water supplies on the health of Camp Lejeune residents. Although the indirect evidence on the chemicals 
of concern from laboratory research and epidemiologic studies of other populations (Chapters 4-7), such 
information must be extrapolated to the Camp Lejeune setting and population, and extrapolation carries 
the potential for incorrect inferences. To the extent that scientifically valid epidemiologic research has 
been conducted directly on Camp Lejeune residents, extrapolation is unnecessary. Thus far, the research 
on the Camp Lejeune population has been limited with respect to the scope of health outcomes considered 
and the quality of exposure assessment.  

 
COMPLETED STUDIES 

 
The Agency for Toxic Substances and Disease Registry (ATSDR) is the only agency to have 

performed epidemiologic studies of the Camp Lejeune population exposed to water supplies contaminated 
with volatile organic compounds (VOCs). In a public health assessment, ATSDR (1997a) judged that 
exposure to VOCs in drinking water did not pose health risks to adults but raised questions about risks to 
children who may have been exposed via their mothers while in utero. Thus, the first study was a case-
control study of pregnancy outcomes. Two published analyses resulted from that effort: ATSDR (1998), 
which focused on trichloroethylene (TCE) and perchloroethylene (PCE) exposures at Tarawa Terrace; 
and Sonnenfeld et al. (2001), which considered only PCE exposure at Tarawa Terrace. Both analyses 
focused on pregnancy outcomes regarding live-born infants, including mean birth weight, small for 
gestational age (SGA), and preterm delivery. ATSDR initially planned to evaluate fetal deaths, also, but 
that plan was abandoned because of the small number (83) of fetal deaths identified with the 
computerized state database and because the cause of fetal death was missing from death certificates in 
most cases (ATSDR 1998). The study methods used in the two analyses will be presented here first, 
followed by the results of each. 

 
Outcome Measures 

 
Birth weight and pregnancy duration were derived from North Carolina birth records. Preterm 

birth was defined as a live birth occurring before completion of 37 weeks of gestation. SGA, defined as 
below the 10th percentile of weight for gestational age, was calculated by using published sex-specific 
growth curves for white newborns in California (Williams et al. 1982) because a standard birth-weight 
distribution for the military population was not available. According to Sonnenfeld et al. (2001), of the 
three standards considered for use, the California standard was the one that fit best when all races were 
included. 



Copyright © National Academy of Sciences. All rights reserved.

Contaminated Water Supplies at Camp Lejeune: Assessing Potential Health Effects
http://www.nap.edu/catalog/12618.html

Contaminated Water Supplies at Camp Lejeune—Assessing Potential Health Effects 

188 Prepublication Copy 

The study considered a base population of 12,493 singleton live births delivered after at least 20 
weeks gestation to women residing in base housing during the period 1968-1985 who were identified 
through birth records (ATSDR 1998). That population did not include births to mothers who resided on 
the base during pregnancy but were no longer residents of Onslow County at the time of delivery. 
Residential mobility may be substantial: according to ATSDR, “approximately one-third of the women 
who sought prenatal care at the Navy Regional Medical Center at Camp Lejeune moved or were 
transferred before they delivered” (ATSDR 1998, p. 16). Although exposures were presumed to have 
occurred before 1968, a starting date of January 1, 1968, was chosen because electronic files of North 
Carolina birth certificates began that year. The analyses assumed delivery of contaminated water via the 
water-distribution system through February 1985 (ATSDR 1998; Sonnenfeld et al. 2001).  

ATSDR documented that 523 (4%) of the 12,493 live births were excluded because exposure to 
contaminated water supplies was for less than 1 week or exclusively before conception (44), or because 
data were missing, inconsistent, or insufficient (479), leaving 11,970 live births for the mean-birth-weight 
analyses. Of the11,970 live births, 6,117 (51%) were to women who resided at Tarawa Terrace at the time 
of birth, 31 (0.26%) were to women who resided at Hospital Point (which received water from Hadnot 
Point), 141 (1.2%) were to women who resided in housing units temporarily supplied by Hadnot Point 
during a fuel-pump failure, and 5,681 (47%) were to women who resided in housing supplied by the 
Holcomb Boulevard system, were considered to be unexposed, and served as a comparison group. 
Additional exclusions were made for the SGA analyses (eight births with gestational age under 22 weeks) 
and the preterm-birth analyses (the eight births excluded from the SGA analyses plus 101 births classified 
as implausibly heavy preterm births). 

 
Exposure and Confounder Data 

 
Exposure was defined by linking birth records to the base’s family housing records according to 

the mother’s address at delivery and the father’s name. The housing records, which contained dates of 
residence, were used to estimate the dates when the mother resided in base housing units. The study 
“assumed that each family resided in only one base housing unit during pregnancy” (ATSDR 1998, p. 
21). A residential-history substudy indicated that about 55% of mothers in the study moved during their 
pregnancies, and 3.5% of them moved between base housing units (ATSDR 1998). 

The 1998 ATSDR study included all identified births regardless of exposure, whereas the 2001 
Sonnenfeld et al. study limited the exposed population to residents of Tarawa Terrace. The Tarawa 
Terrace residents were considered exposed to PCE from water contaminated by an off-base dry-cleaning 
establishment (ABC One-Hour Cleaners). ATSDR’s analysis also included births to two groups of 
residents who were exposed to TCE and other VOCs through the Hadnot Point water system on either a 
long-term or a transitory basis. Transitory exposure (called short-term in the ATSDR report) covered all 
births to residents who received drinking water from the Holcomb Boulevard water system and who were 
pregnant for at least 1 week of the 12-day period during January-February 1985 when Hadnot Point water 
served the Holcomb Boulevard system. In both studies, residents of the base trailer park were excluded 
because housing records were incomplete, and, as noted above, a few births to mothers residing on base 
for a very short time or during ambiguous exposure periods were excluded. The remaining births to 
mothers residing on the base were considered unexposed, including births to all residents of the Marine 
Corps Air Station, Rifle Range, and Courthouse Bay and the remaining residents of Berkeley Manor, 
Midway Park, Paradise Point, and Watkins Village.  

Exposure was categorized further by length of residence as a proxy for duration of exposure. 
Duration of exposure was defined as length of time before the birth that the mother lived at the residence 
specified on the birth certificate. Because inclusion in the study was based on maternal residence at the 
time of birth, exposure duration was relative to the end of pregnancy. Duration-of-exposure analyses 
excluded births that occurred after exposure ended in 1985. In analyses, duration of exposure was 
categorized as never, 1-3 weeks, 4-10 weeks, 11-20 weeks, over 20 weeks and less than the entire 
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pregnancy, the entire pregnancy and less than 1 year before the last menstrual period, and the entire 
pregnancy and at least 1 year before the last menstrual period. 

The covariates available for analysis were limited to information that could be obtained from the 
birth certificates and military records. They included infant’s sex, year of birth, and gestational age; 
maternal age, race, parity, education level, military pay grade, adequacy of prenatal care, marital status, 
and history of fetal death; and paternal age, education level, and military pay grade. Gestational age was 
calculated from the date of the last menstrual period reported on the birth certificate. Women with records 
showing a month and year of last menstrual period but missing information on the day had their day 
interpolated to 15. Women with records missing the month of the last menstrual period were excluded. In 
the remaining data, there was evidence of gestational-age misclassification in that 17% of preterm infants 
of gestational age less than 28 weeks had birth weight above the 90th percentile of the distribution for the 
standard population (ATSDR 1998). Preterm infants above the 90th percentile for birth weight at 36 
weeks of gestation were excluded from the preterm-delivery analysis but not the birth-weight or SGA 
analysis. 

 
Results of the Sonnenfeld et al. Study 

 
Exposure was not equally distributed across various demographic groups. Exposed women were 

less likely to be white, less likely to live in officers’ housing, less likely to be college-educated, and less 
likely to have a college-educated partner (Sonnenfeld et al. 2001). Those differences raise questions about 
whether any observed differences in reproductive outcomes by exposure status were confounded by 
sociodemographic factors because not all the variables were examined as potential confounders or 
included in the adjusted analyses that were reported. 

The overall results of the study indicated that “long-term” PCE exposure from the Tarawa 
Terrace water system was not strongly associated with reduced birth weight, preterm birth, or SGA. The 
mean birth weight in the PCE-exposed group was 26 g less than that in the PCE-unexposed group (90% 
confidence interval [CI], -43 to -9) (note use of 90% CI rather than 95% CI). The unadjusted odds ratio 
(OR) for PCE exposure and preterm birth was 1.0 (90% CI, 0.9-1.1) and for PCE exposure and SGA 1.2 
(90% CI, 1.0-1.3). It was noted that adjustment for potential confounders had little effect on the results. 
The authors reported no consistent patterns inr the associations between PCE exposure and mean birth 
weight, preterm birth, or SGA by duration of exposure. 

In subgroup analyses, Sonnenfeld et al. reported that long-term exposure to PCE from the Tarawa 
Terrace water system was marginally associated with lower mean birth weight and an increase in risk of 
SGA but only in newborns of mothers more than 35 years old and mothers who had already had more 
than two fetal losses. The birth-weight analysis was adjusted for mother’s age, history of fetal loss, race, 
and residence in officers’ housing and infant’s gestational age, year of birth, and sex. The SGA analysis 
was adjusted for mother’s age, history of fetal loss, parity, residence in officers’ housing, and education 
and infant’s year of birth. The authors noted that older PCE-exposed mothers were different from their 
unexposed counterparts in race, college education of husbands, and household income (defined by the 
father’s rank). However, not all those variables were included in the analyses. Specific subgroups showed 
statistically significant effects, but no formal hypothesis test for the presence of interaction between 
subgroups defined by maternal age or history of fetal loss was mentioned. 

The authors concluded that there was no association between PCE exposure and mean birth 
weight or preterm birth and that there was a weak association between PCE exposure and SGA in all 
groups. In subgroup analyses, they observed stronger associations between PCE exposure and low birth 
weight and SGA of infants of mothers who had a history of fetal death and mothers more than 35 years 
old.  
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Results of the Agency for Toxic Substances and Disease Registry Study 
 

This section focuses on aspects of the ATSDR results that are distinctive from the Sonnenfeld et 
al. results. ATSDR reported analyses of PCE exposure at Tarawa Terrace that were unadjusted, and this 
may have contributed to the slight differences from Sonnenfeld et al. in birth-weight results (-24 g; 90% 
CI, -41 to -7), but the SGA and preterm delivery results were identical. In spite of the reported difference, 
the birth-weight results were said to show no association, because the magnitude of the difference was 
viewed as clinically negligible. The duration-of-exposure analyses were identical, but the effect-
modification results were slightly different because of different exclusion of data and more limited control 
for confounding. In particular, the OR for PCE exposure and SGA in women more than 34 years old was 
4.0 (90% CI, 1.6-10.2) after adjustment only for officers’ housing. No exposure-response patterns were 
observed for PCE exposure and mean birth weight or SGA in women who had had fetal deaths. 

The much smaller population of TCE-exposed births was analyzed with stratification by 
residence. Births in the long-term TCE-exposed group were to mothers living in housing ordinarily served 
by the Hadnot Point water-distribution system. Overall, there was limited evidence of a reduction in mean 
birth weight (reduction by 108 g; 90% CI, -230 to 13) or of increased risk of SGA (OR, 1.5; 90% CI, 0.5-
3.8), interpreted by ATSDR as modest associations. The reported results were unadjusted despite 
differences between the two groups in the distribution of infant sex; mother’s age, pay grade, history of 
fetal death, and parity; and father’s education. Few analyses of interaction were conducted because of the 
small sample. TCE effects were found to be modified by infant sex for both birth weight and SGA. The 
study reported an increased risk of SGA in TCE-exposed male infants (OR, 3.9; 90% CI, 1.1-11.9) on the 
basis of three exposed cases. According to a rate estimated from the female control group, one exposed 
SGA female infant was expected; none was observed. No risk of any of the outcomes was found in the 
temporarily exposed population with a maximum exposure duration of 12 days. 

 
Review and Evaluation  

 
Retrospective case-control studies can be extremely difficult to conduct when historical 

information on exposure, outcome, and covariates—challenges applicable to the study of birth outcomes 
at Camp Lejeune—is scarce. This section discusses limitations in identifying the study population, 
assignment of exposure, confounder control, and analytic approach. 

Exposure misclassification is a major limitation of the ATSDR and Sonnenfeld et al. analyses. A 
number of exposed births were misclassified as unexposed because of incorrect assumptions about the 
water-delivery system, which ATSDR later identified. Both studies assumed that all mothers who resided 
in family housing in the Holcomb Boulevard system service area from 1968 through 1984 were 
unexposed. In the course of exposure reconstruction of the Tarawa Terrace system, it was learned that the 
Holcomb Boulevard plant came on line in June 1972 and that before then the housing now served by 
Holcomb Boulevard was served by the Hadnot Point water-supply system. Thus, any mothers who 
resided in family housing in the Holcomb Boulevard system service area in 1968-1972 were actually 
exposed. That is an important (and correctible) source of misclassification that has the potential to alter 
study results dramatically because a sizable number of pregnancies will be reclassified from unexposed to 
exposed. 

Other limitations in exposure classification in these studies are more difficult to correct. Aspects 
of residential-history assignment would have caused exposure misclassification of unknown magnitude. 
First, all mothers were assumed to have had only one residence on the base and to have been unexposed at 
all other residences. The residence-history validation study estimated that a sizable proportion of mothers 
changed housing on the base during their pregnancies. Second, the contaminant exposure and its variation 
over time are impossible to quantify accurately. As reviewed in Chapter 2, water-supply measurements of 
contaminant concentrations are sparse, and the data were collected only in the 1980s. Third, there is no 
information about individual behaviors that affect exposure (such as water consumption and frequency 
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and duration of bathing and showering). Fourth, exposure was determined exclusively by place of 
residence, excluding workplace and other locations in which exposure may have occurred.  

The studies relied on North Carolina birth-certificate data from Onslow County linked to base 
housing records. That was a feasible and efficient approach to conducting a study, but the information-
retrieval process and restricted data sources have implications for population selection, outcome 
definition and quality, and confounder control. In particular, the base population used in the studies does 
not represent the entire population of live births to all women who resided at Camp Lejeune in 1968-
1985. Infants whose mothers were transferred or moved away from Camp Lejeune before giving birth 
were not included. In addition, because residence at birth determined inclusion, all exposure-duration 
analyses were relative to the end of pregnancy. For instance, nearly all infants who were exposed only 
during the first trimester were excluded. Beyond its obvious impact on interpretation of the exposure-
duration analyses, the effect of a selection approach based on location at the time of delivery is unknown.  

Outcome variables were based on information included on birth certificates, and there are known 
limitations in the quality of some items (Wingate et al. 2007). In particular, accurate estimates of the date 
of the last menstrual period are critical for defining SGA and preterm birth. The ATSDR study found a 
disproportionate number of heavy liveborn infants relative to a standard population of the same 
gestational age—a reminder of the fallibility of birth-certificate-based gestational-age estimates. 
Outcome-based exclusions varied among the three outcomes; preterm birth outcome was related to the 
largest number of exclusions. 

Control for confounding is another challenge. Because of reliance on birth-certificate data on the 
period of the exposure episode, such key confounders as maternal smoking and alcohol use were not 
available. In addition, in reported analyses, control for confounding was not often done even for variables 
that were available. The ATSDR report gives unadjusted estimates of the primary results even though the 
exposed and unexposed populations differed in important respects and the study protocol (ATSDR 1994) 
stated that all analyses would be adjusted for race. The sensitivity of results to potential confounders 
should be examined more thoroughly.  

The implications of the results of subgroup analyses are unclear. The interactions of exposure 
with maternal age, history of fetal loss, and infant sex do not appear to be based on strong assumptions 
but instead resulted from exploratory statistical analysis. Although such interactions cannot be discounted, 
they should not be taken as evidence of an important effect of exposure. But these results are often cited 
as the primary study findings (for example, ATSDR 2005a). It is well known that overinterpretation of 
subgroup analyses can be misleading; such analyses typically suffer from low power and higher than 
nominal probability of reporting false positive effects (for example, Stallones 1987; Brookes et al 2004; 
Weiss 2008). In addition, the various subgroup analyses used different numbers of observations and 
different adjustment variables, depending on the report, outcome, and exposure variable. Subgroup 
membership should be described, and the sensitivity of results to data exclusions and more thorough 
confounder adjustment should be examined. 

 
CURRENT STUDIES 

 
Study Methods 

 
ATSDR’s 1997 public-health assessment for Camp Lejeune led to a recommendation that an 

epidemiologic study be performed to evaluate whether mothers exposed to chlorinated solvents in 
drinking water, particularly TCE and PCE, during pregnancy have a higher risk of giving birth to a child 
with a birth defect or cancer, given the recognition of the limited scientific information on how those 
chemicals might affect a fetus or child (ATSDR 1997a). (ATSDR withdrew this report on April 28, 
2009.) ATSDR later began a multistep process to determine the appropriateness of such a study. First, the 
childhood health problems to study were identified. On the basis of its review of the scientific literature, 
ATSDR decided to focus on specific childhood cancers and birth defects: childhood leukemia, childhood 
non-Hodgkin lymphoma, spina bifida, anencephaly, cleft lip, and cleft palate (ATSDR 2005a). The 
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rationale for focusing on those particular outcomes given the prior epidemiologic and toxicologic research 
and considerations of feasibility (specifically, statistical power) is discussed later in this chapter.  

The second step was to identify the children eligible for the study by conducting a telephone 
survey. The survey, conducted from September 1999 to January 2002, built on the database initially 
constructed for the two case-control studies of preterm birth and fetal growth (ATSDR 1998; Sonnenfeld 
et al. 2001). The survey sought information on all children who were born in 1968-1985 to mothers who 
resided on the base at any time during their pregnancies. Births in Onslow County were included, as were 
births that occurred after mothers were transferred off the base. ATSDR attempted to locate and contact 
the parents of each eligible child to elicit information on the child's health, to confirm that the mother was 
a Camp Lejuene resident during the pregnancy, and to collect data on potential confounders. It identified 
eligible children in multiple ways. Initially, it used the birth-certificate information from the previous 
Camp Lejeune study of SGA (ATSDR 1998) that included only women who were residents on the base at 
the time of their deliveries. Next, children born in 1968-1985 to mothers whose pregnancies occurred 
while they lived in base housing but who delivered after moving off the base were identified by word of 
mouth (for example, in parent groups), by referrals from other parents during their interviews, or by 
public requests (via the mass media, e-mails from the Marine Corps, and notices) that parents contact 
ATSDR. ATSDR surveyed the parents of 12,598 eligible children of an estimated 16,000-17,000 eligible 
births, representing an overall participation rate of 74-79%, depending on the estimated number of births 
that occurred off the base (ATSDR 2003). Parents were asked if their children had had birth defects or 
childhood cancer. A total of 106 cases that fit the case definition of parent-reported birth defect or 
childhood cancer were reported in the survey: 35 neural-tube defects, 42 oral clefts, and 29 childhood 
cancers.  

The third step was to confirm the children’s health problems by reviewing their medical records. As 
of June 23, 2008 (Bove and Ruckart 2008), of the 35 reported or potential cases of neural-tube defects, 15 
were confirmed (six anencephaly and nine spina bifida), 13 were ruled out, two had no medical records 
for confirmation, three were ineligible, and the parents of two potential cases refused to participate. For 
children who had parent-reported oral clefts without medical records, a dental examination was used to 
confirm that surgery was performed as a result of a cleft lip or palate. Of the 42 children who were 
reported to have oral clefts, 24 were confirmed (11 cleft palate and 13 cleft lip with or without cleft 
palate), 11 were ruled out, four had no medical records for confirmation and dental examinations could 
not confirm the conditions, and the parents of three potential cases refused to participate. Of the 29 
reported childhood leukemia or non-Hodgkin lymphoma cases, 13 were confirmed (11 leukemia and two 
non-Hodgkin lymphoma), eight were ruled out, one had no medical records for confirmation, four were 
ineligible, and the parents of three potential cases refused to participate. The parents of 15 children with 
neural-tube defects, 23 children with oral clefts, and 13 children with leukemia or non-Hodgkin 
lymphoma were successfully interviewed. 

The fourth and final step of the process is to conduct a case-control analysis that incorporates 
water-system modeling; that work is under way. The primary hypotheses concern the association between 
drinking TCE- or PCE-contaminated water during the first trimester and specific birth defects and the 
association between drinking TCE- or PCE-contaminated water during pregnancy and childhood cancers. 
The hypotheses are extended to incorporate contaminant concentration and personal exposure (taking into 
account the amount of water consumed by the mother or used in showering, hand-washing dishes, and so 
on).  

The base population for the case-control study consists of all live births to mothers residing at 
Camp Lejuene in 1968-1985 who participated in the survey. Cases are confirmed birth defects (diagnosed 
by the age of 5 years) or childhood cancers (diagnosed by the age of 20 years). (Planned sensitivity 
analyses will also include unconfirmed cases.) Controls will be randomly selected from all other births 
included in the survey to attain a target of 10 controls for each case.  

Exposure assessment will be based on the ATSDR water-distribution system modeling (see 
Chapter 2). That includes a protocol for modeling the present water-distribution system and then 
developing historical distribution-system models for the study period and generating estimates of 
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contaminant concentrations in the water supply by year and housing complex. The stated exposure 
variables will be “exposure status, concentration level, and/or percent of water from a contaminated 
source during the specific time periods of interest in the 1-year period before the child’s birth. TCE and 
PCE will be evaluated separately” (ATSDR 2005a, p. 29). Categorization of exposure is planned to be 
collapsed into ever vs never and into more refined exposure categories. Cut points will be determined 
from the contaminant-concentration distributions. Water use and consumption will be incorporated into 
the exposure metrics. 

According to the ATSDR protocol (ATSDR 2005a, page 25), with alpha set at 0.10, 80% power, 
and an exposure prevalence of 40%, minimum detectable ORs are as follows: 4.3 for 15 cases and 2.9 for 
28 cases of neural-tube defects 3.6 for 20 cases and 2.5 for 36 cases of oral cleft, and 5.2 for 14 and 4.3 
for 19 cases of childhood cancer. Even with the uncertainty about the total number of cases that will 
eventually be included in the analysis and even under the more optimistic scenario, statistical power is 
low.  

 
Review and Evaluation  

 
Owing to the paucity of measurements of PCE and TCE concentrations in contaminated water at 

Camp Lejeune during the period of interest, exposure assessment is a major limitation of the current birth-
defect and childhood-cancer study. ATSDR has proposed to use water-system modeling as a way to 
improve the quantification of exposure. As indicated in Chapter 2, exposure estimates based on water-
system modeling require a number of assumptions, and the validity of many of the assumptions is 
impossible to evaluate in light of the historical measurement data. Given the lack of information on which 
wells were used to supply water on any particular day, the quality of exposure estimates based on water-
system modeling is highly uncertain, especially for the quantification of PCE and TCE concentrations 
over the short periods of interest for the study of birth defects. In addition, historical information about 
water behavior will be available in two pregnancy-related periods (the mother’s questionnaire asks about 
only two periods: before and during the first trimester and during the second and third trimesters), and 
that information will be obtained only if the mother can be interviewed. Recall of such information over 
periods of decades is of questionable accuracy. Although the study-protocol data-analysis plan 
appropriately addresses exposure-assessment limitations by proposing that exposure be categorized in 
analysis, the proposed analytic approach calls into question the need for complex water-system modeling. 
To the extent that simple categories of exposure will be used in the final analysis, the rationale for waiting 
for complex water modeling to be completed is unclear.  

Another major limitation of the study is the inadequate statistical power to detect associations in a 
plausible range. The selection of specific health end points is the primary reason that power is so limited, 
so the question arises as to whether they were the most informative outcomes to study. There is some 
basis for speculating that those outcomes are associated with the solvents of interest largely on the basis 
of prior epidemiologic studies of water-contamination episodes, but the evidence is not compelling, and 
there is no reason to believe that these are the “best” choices, given their rarity. The committee’s review 
of the literature on the epidemiology of populations exposed to TCE and PCE (Chapter 5) and the 
toxicology of the compounds (Chapter 4) did not identify birth defects or childhood cancers as among the 
outcomes more plausibly related to exposure. 

For each of the three outcomes (neural-tube defects, oral clefts, and childhood cancers), there is 
adequate power only for markedly increased odds ratios (larger than 3). Given current knowledge about 
the etiologies of these conditions, it is highly unlikely that the exposures that occurred at Camp Lejeune 
would have increased risk to that degree, regardless of uncertainty about exposure magnitudes. 
Furthermore, because the investigators also proposed to conduct multivariate analyses to control for the 
potential impact of other factors on the risk of the conditions, it is important to note that the power of a 
multivariate analysis will probably be even lower than the estimate for the unadjusted associations.  
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The data-analysis plan in the protocol is very general and leaves room for the possibility of a 
proliferation of analyses that will make it more difficult to assess the meaning of any associations that are 
identified. A detailed written analysis plan specifying primary exposure metrics and key confounders 
should be prepared in advance of the analysis and should consider alternative approaches to controlling 
confounders. The planned secondary and sensitivity analyses should be discussed more fully in the 
analysis plan. Because there is interest in multiple exposure periods (for various durations before, during, 
and after pregnancy), in different approaches to estimating exposure, and in different exposure categories, 
it is necessary to distinguish the primary exposure metric (such as peak exposure) from those to be 
evaluated in secondary and sensitivity analyses. 

 
FUTURE STUDIES 

 
An expert panel convened by ATSDR in 2005 judged that additional studies of the Camp Lejeune 

population would be challenging, perhaps requiring medical evaluation of hundreds of people from 
widely scattered locations. However, the panel concluded that it might be feasible to conduct a study of 
mortality outcomes and a study of cancer incidence. Before performing such studies, it recommended that 
their feasibility be assessed (ATSDR 2005b). 

ATSDR has prepared a report on the feasibility of conducting epidemiologic studies to address 
exposures that occurred at Camp Lejeune (Bove and Ruckart 2008). The report proposed a study of all-
cause mortality and a study of cancer incidence by using Department of Defense (DOD) personnel 
databases to identify a cohort of active-duty marines and Navy personnel who were assigned to Camp 
Lejeune at any time from June 1975 through December 1985 and a cohort of civilians who worked at the 
base at any time from June 1974 through December 1985. The agency also proposed to include as a 
comparison population a sample of active-duty marines and civilians stationed at Camp Pendleton at any 
time during 1975-1985 who started duty on or after June 1975 and were never stationed at Camp Lejeune 
during the period of drinking-water contamination. The three cohorts would be considered for inclusion in 
an all-cause mortality study and a cancer-incidence study, and the Camp Pendleton cohort would serve as 
an external comparison group for the analysis of civilian and military personnel at Camp Lejeune.  

ATSDR proposed to link study participants’ residence history on the base with housing records 
(family housing unit or barracks) to identify participants’ drinking-water supply-system history. That 
would allow inclusion of monthly estimates of water contamination from the water-distribution system in 
individual-level exposure assessment. For civilian workers, the occupation code and information on the 
location of each occupation obtained from base staff (such as base industrial hygienists) would be used to 
link the workplace with the appropriate drinking-water system. Information on length of service on the 
base obtained from computerized personnel data would be used to estimate the duration of exposure. 
Marines and civilians assigned to Camp Pendleton would be considered unexposed. 

ATSDR’s feasibility assessment included a literature review of the health effects of VOCs, 
particularly TCE and PCE. The review concluded that previous studies supported evaluation of a variety 
of health effects, predominantly cancers, in future studies at Camp Lejeune. ATSDR’s review relied on 
previous reports by the National Toxicology Program and the National Research Council, occupational 
studies, and community drinking-water exposure studies. The review identified more health outcomes 
than described in Chapter 7 of this report, and this suggested a lower threshold for inclusion than applied 
by the present committee. Both reviews identified kidney cancer, lung cancer, breast cancer, scleroderma, 
hepatic disease, renal disease, and spontaneous abortion as being of interest. The ATSDR review also 
suggested that the following outcomes may be important: liver cancer, leukemias, cervical cancer, bladder 
cancer, esophageal cancer, soft-tissue sarcoma, skin disorders, aplastic anemia, non-Hodgkin lymphoma, 
multiple myeloma, Hodgkin disease, pancreatic cancer, brain cancer, Parkinson disease, and lupus. The 
present committee and ATSDR took different approaches to assessing the epidemiologic literature. 
ATSDR focused on previous reviews and studies that yielded positive results, especially community 
studies of drinking-water contamination. The committee used an approach developed by the Institute of 
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Medicine (IOM 2003) for reviewing the epidemiologic literature, including consideration of individual 
study characteristics and biases, synthesis of the available studies, and consideration of evidence from the 
toxicology literature. Only outcomes that were corroborated and single, very strong studies were flagged 
as deserving of consideration. 

 
Health Survey 

 
In January 2008, Congress mandated a Navy-U.S. Marine Corps health survey to be conducted in 

2009. The survey will be mailed to the active-duty and civilian cohorts at Camp Lejeune, the Camp 
Pendleton sample, the 12,598 respondents in the 1999-2002 ATSDR survey, and anyone who has 
registered with the Marine Corps or provided contact information to ATSDR. Items on the survey will 
include information about any cancer diagnoses (such as type of cancer, date of diagnosis, and state and 
hospital of diagnosis), residential history, residences on the base, occupational history, and several risk 
factors (such as socioeconomic status, demographics, smoking, and alcohol consumption). Permission to 
gain access to medical records will be requested from those reporting cancer diagnoses.  

The health survey has the potential to improve future studies of Camp Lejeune residents. For 
example, the survey would enhance the collection of relevant covariates and expand the potential scope of 
nonfatal disease and disability beyond what can be addressed in a typical mortality study or in a cancer 
registry. The health survey would also demonstrate that the health concerns of Camp Lejeune residents 
are being investigated to the extent feasible. Nevertheless, the committee has several concerns about the 
health survey as a source of scientifically useful information for assessing the impact of water-supply 
contamination at Camp Lejeune. First, the statistical power for evaluating relevant outcomes appears to be 
low and incompletely addressed in the feasibility study. Second, there may be a bias in disease reporting 
and participation; a person who has a disease or disability may be more likely to participate. ATSDR has 
determined that for the health survey to be successful, and therefore useful for the proposed studies 
described below, a participation rate of at least 65% would be necessary. Even with that level of response, 
there is much potential for participation to be influenced by exposure or disease history. Third, the health 
survey would include only active-duty personnel and civilians who lived on the base after 1975, not those 
who were present and exposed before then. Fourth, as previously noted, the quality of exposure data 
would remain uncertain for the same reasons noted above in connection with the completed and current 
studies. 

 
All-Cause Mortality Study 

 
The purpose of the mortality study is to evaluate all causes of death in the three cohorts—Camp 

Lejeune military, Camp Lejeune civilian, and Camp Pendleton military. Followup would begin at the start 
of known assignment at Camp Lejeune or at the start of active duty for the Camp Pendleton cohort and 
continue to the end of the study period (December 31, 2007) or death. 

Cause-specific mortality in the cohorts would be compared with national rates by using 
standardized mortality ratios and standardized mortality ORs. ATSDR also proposes to compare those 
exposed to contaminated drinking water at Camp Lejeune with those unexposed at Camp Pendleton to 
minimize bias due to the healthy-veteran effect caused by differences in underlying mortality between 
veterans and the general public (Bove and Ruckart 2008). ATSDR considered conducting internal 
comparisons between exposed and unexposed groups at Camp Lejeune but rejected such analysis because 
of the small number of subjects at Camp Lejeune who were free of exposure. Finally, the agency 
proposed to consider lagging exposures in the analyses to account for a latent period. 

Because individual-level information on potential confounders is not available in the 
computerized databases used to identify study subjects, ATSDR proposes two approaches to consider 
potential confounders. If the Navy-Marine Corps health survey is deemed successful, it will use 
information from the survey participants to adjust for confounding in a two-stage approach, extrapolating 
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the information from the health survey for application to the mortality study. If the survey does not 
generate an adequate response, consideration will be given to nested case-control sampling with 
interviews of decedents’ next of kin to determine information on risk factors. Those are reasonable 
strategies but are of unknown feasibility.  

 
Cancer-Incidence Study 

 
The cancer-incidence study would evaluate all confirmed cancers diagnosed in the active-duty 

and civilian worker cohorts at Camp Lejeune and Camp Pendleton and the cohort of survey participants. 
Because the number of women in the active-duty cohort is small, an additional 2,900 women who lived 
on the base and were identified through their participation in the birth-defects and childhood-leukemia 
study would be added to the Camp Lejeune active-duty cohort. To identify cancer cases, ATSDR 
proposed to match each cohort member’s personal identification information to the available data on 
cancers in all 50 state cancer registries (or at least the cancer registries from the 25-30 states with the 
highest percentages of known retirees), the DOD and Department of Veterans Affairs (VA) cancer 
registries, the Naval Health Research Center’s Career History Archival Medical and Personnel System 
(CHAMPS), death certificates, and the National Death Index. Followup would begin with the start of each 
registry’s operation or 1975, whichever is later, and continue until December 31, 2007. If the Navy-
Marine Corps health survey is successful, the cancer-incidence study would also include participants in 
the survey. Personal identification information on the survey participants will be matched to available 
data on cancer in the state, DOD and VA cancer registries. Therefore, like the mortality study, the 
incidence study will use a two-stage approach in which information on exposure and cancer would be 
available on everyone in the study who is not lost to followup, but information on individual-level 
potential confounders will be available only on those who complete the health survey. That information 
will be used to adjust for confounding in the analyses of the entire study population. 

Because all state cancer registries have data available from 1997 on, cancer incidences in the 
Camp Lejeune and Camp Pendleton cohorts will be compared with national incidences for the period 
1997-2007. Comparisons between the exposed and unexposed participants stationed at Camp Lejeune and 
comparisons between Camp Lejeune and Camp Pendleton would use all cancers identified from 1975 to 
2007—the entire study period. 

 
Other Future Studies 

 
ATSDR will also consider studying nonfatal, noncancer diseases. The Navy-Marine Corps health 

survey would include questions on nonfatal diseases and symptoms that are known to be or suspected of 
being associated with solvent exposure. Such diseases as Parkinson disease, renal failure and other severe 
renal diseases, severe hepatic diseases, lupus, and scleroderma will be asked about directly, and space will 
be provided so that respondents can report other disease conditions. Symptom ascertainment may include 
questions on skin disorders and neurologic disorders. All those diseases and conditions can be confirmed 
by using medical records. The CHAMPS database can also be used to identify and confirm diseases 
occurring in marines on active duty from 1980 on. However, ATSDR states that a study using that 
database would probably have insufficient statistical power and therefore the study is of very low priority. 

 
Review and Evaluation 

 
ATSDR proposed to conduct morbidity and mortality studies that would address some of but not 

all the questions that have been raised by the affected community. The health end points to be considered 
would include fatal conditions that are sufficiently common for analysis (depending on the success of the 
mortality study), incident cancers (depending on the success of the cancer-incidence study), and nonfatal 
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diseases of interest other than cancer, such as scleroderma and neurologic deficits (depending on the 
success of the health survey). The mortality study is very likely to be feasible, given the documentation of 
data sources in the ATSDR feasibility assessment, whereas it is not clear that the cancer-incidence study 
would be successful in engaging and linking with all 50 state registries. The health survey is subject to 
uncertain response, as noted by ATSDR, which may limit its value.  

ATSDR recognized that it is necessary to focus on health conditions that are sufficiently common 
to allow useful epidemiologic evaluation. It conducted a series of sample-size calculations to ensure that 
there would be sufficient statistical power to evaluate associations of exposure with prevalent cancers and 
all-cause mortality with a 10-year lag in exposure (Bove and Ruckart 2008). It is not clear whether there 
is sufficient power for comparisons of the Camp Lejeune and the Camp Pendleton cohorts, nor is it clear 
whether outcomes of particular interest to ATSDR and to the committee (such as kidney cancer) can be 
evaluated with adequate power. ATSDR has begun to consider the adequacy of statistical power, but the 
information and interpretation fall short of making a clear case that the study methods, even if successful, 
would generate adequate power for the comparisons of interest.  

ATSDR recognized the potential for confounding due to unmeasured risk factors in both the 
mortality and cancer-incidence studies. With the exception of age, sex, and race, individual-level factors 
in the populations of Camp Lejeune and Camp Pendleton are not available. However, some information 
on the population that completes the health survey would be available. ATSDR proposes a two-stage 
approach, using the survey data to estimate the effects of confounding with reference to the cohort as a 
whole. How that would be performed is not described in detail (that is, on an individual basis or by 
applying patterns of confounding from the health survey to the mortality and cancer-incidence studies). It 
also is not clear whether the survey will be adequately designed to provide information on the Camp 
Pendleton cohort that is comparable with that on the Camp Lejeune residents. As ATSDR notes, the value 
of those data is contingent on generating an adequate response. The use of nested case-control studies of 
deaths from causes of interest with interviews of next of kin to assess confounding is an alternative 
approach that is feasible but quite demanding in that it will be necessary to locate, recruit, and interview 
the next of kin after identification of deaths or incident cancers.  

ATSDR recognized the potential for bias in the assessment of exposures because of uncertainties 
in identifying locations on the base where cohort members were stationed and because of possible 
exposure to drinking-water contaminants at other than primary residences or work locations. The agency 
suggested that such bias would tend to underestimate the disease risk associated with exposure if 
exposure actually causes the disease. ATSDR was confident that the extensive water modeling that is 
being done at the base would reduce the effect of exposure-misclassification bias that might occur. The 
committee has less confidence in the certainty of the modeling efforts, given the small number of water-
supply measurements available for validating the models (see Chapter 2). ATSDR has discussed basing 
the exposure assessment on the monthly concentrations of contaminants in the drinking water at either the 
residences or the workplace locations, as appropriate. However, there has been no discussion of the 
exposure metric that would be calculated and linked with outcomes. For example, it was unclear whether 
ATSDR would assess the effect of cumulative exposure or of peak exposure. 

Advantages of the cancer-incidence study over the mortality study, as described by ATSDR, are 
the higher number of cancer cases and the ability to assess etiology independently of survival. Several 
female cancers (breast, ovarian, cervical, and uterine) could be evaluated with adequate statistical power 
(Bove and Ruckart 2008). However, there are concerns about the comparability of the women at Camp 
Lejeune, who include spouses of workers and women identified because of having given birth, compared 
with those identified at Camp Pendleton. The cancer-incidence study would also have greater power to 
detect associations with a broader array of cancers of interest (such as kidney, non-Hodgkin lymphoma, 
and leukemia) and would eliminate potential effects of differential survival. ATSDR discussed the 
possibility of missed cancers in the incidence study due to incomplete coverage of the study period by the 
individual state cancer registries. As it noted, there should be no bias in the internal comparisons, because 
missing cases are unlikely to be associated with exposure status. However, the comparison between Camp 
Lejeune and Camp Pendleton could be affected if there are differences between the bases in the 
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percentage of retired marines migrating to states whose cancer registries are older, and there are broader 
concerns about the constitution of the study populations and the multiple ways in which the Camp 
Lejeune cohort would be assembled. 

In summary, although the major issues bearing on the feasibility of the proposed studies have 
been considered by ATSDR and the approach has some strengths, notably inclusion of a comparable 
marine base, there are serious unresolved questions about the feasibility and ultimate value of the studies. 
It is not clear that the cancer-incidence study or the health survey would be successful; success in the 
former would be contingent on the cooperation of many cancer registries, and success of the latter on 
generating an adequate response. The statistical power to compare groups of interest across the array of 
outcomes of interest was not provided. The ultimate ability to measure and adjust for potential 
confounding factors is not certain, nor is it clear how the information from the health survey would be 
applied to the study cohorts. With those concerns layered on the previously noted problems regarding the 
accuracy of exposure assessment, it is not clear what the scientific value of additional studies would be.  

 
FINDINGS OF COMPLETED, CURRENT, AND FUTURE STUDIES 

 
The committee considered the value of completed, current, and planned studies of the Camp 

Lejeune population in light of the information available on assessing exposure, health end points of 
primary concern, and what is known about the potentially affected population from previous studies and 
work in progress. Review of data and modeling efforts pertaining to exposure provided clear 
documentation that contaminants were present but provided little basis for suggesting that exposures of 
the population can be reconstructed with much precision. The literature on potential health effects of the 
agents of primary concern, TCE and PCE (see Chapters 4 and 5), indicates an array of possible health 
effects, including cancers, reproductive effects, neurobehavioral effects, immunologic effects, and renal 
and hepatic toxicity, possibly affecting both children and adults.  

Completed and current research at Camp Lejeune has been limited to particular end points and 
focused on pregnancy outcomes—including fetal growth, preterm birth, and birth defects—and childhood 
cancers. Those studies have not distinguished and are unlikely to be able to distinguish between an 
absence of adverse effects and the presence of modest effects that fall below the limits of what can be 
identified in light of exposure misclassification and low statistical power. A broader consideration of 
health effects would be needed to provide scientific evidence to answer questions regarding the possible 
effects of water-supply contamination. For new studies to make a substantial contribution to evaluating 
whether exposure to contaminated water resulted in adverse health effects, an array of feasibility 
considerations needs to be addressed and resolved favorably. ATSDR has made a reasonable effort to 
evaluate those issues in the study of the feasibility of future work, but structural problems make it difficult 
to show that such research will be of high scientific merit. Key feasibility considerations that apply to all 
environmental epidemiology studies, including the evaluation of water contaminants and health at Camp 
Lejeune, are listed below. 
 

 Study population. The residents of Camp Lejeune potentially exposed to the contaminated water 
supplies of concern need to be enumerated for study, with inclusion of exposed people and comparable 
unexposed people identified from elsewhere on the base, from periods beyond the years of contamination, 
or from other military bases.  

 Exposure. The water serving the homes of the individual residents at specific times would need to 
be identified to assess potential exposure to specific toxicants. There would need to be an independent 
process of exposure assessment that allows estimation of concentrations of specific pollutants going from 
the source to the tap and related to specific time and places. It would then be necessary to reconstruct 
residential histories in Camp Lejeune to link people to estimated water concentrations of pollutants in 
their homes. Ideally, studies would consider water sources at the locations of work, day care, and schools 
and consider individual behavior, including water consumption and bathing. 
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 Statistical power. The health outcomes of interest vary greatly in frequency of occurrence. For 
research results to be informative, sufficient numbers of exposed and unexposed people are needed to 
generate stable estimates of rates of diseases and to make comparisons. Disease latency—the time 
between exposure and development and manifestation of disease—is important. The Camp Lejeune 
population was generally young, so even with the passage of 20 or more years since exposure onset, they 
are still not at the ages at which some of the specific diseases of concern are commonly observed. Given 
the size and age distribution of the population, it may be infeasible to focus on such end points as kidney 
cancer, although it is justified on the basis of independent research as reflected in the toxicology and 
epidemiology literature. Furthermore, given the brevity of many people’s residence on the base, realistic 
effect sizes would need to be considered in assessing adequacy of statistical power. 

 Potential confounders. The potential for confounding of the observed effects of water exposure 
by other factors that affect disease incidence would need to be addressed. Because residence or workplace 
on the base is a primary determinant of exposure and may be related to rank, seniority, or job duty, which 
themselves may be markers of disease risk, they would need to be measured and adjusted for in the 
analysis. More direct markers of disease risk—such as tobacco and alcohol use history, body-mass index, 
and diet—would also need to be addressed for selected health end points, including those of primary 
concern (such as renal disease). 

 Time and cost. Realistic estimates of the time required to conduct the study are needed, 
particularly in light of the long history of concerns regarding contaminated water and health at Camp 
Lejeune. The financial cost is also a key consideration in that studies that require generating large 
volumes of new data through individual contact and advanced water modeling are expensive and time-
consuming. 

 Credibility of findings. It is important not only that the research be scientifically rigorous but that 
the results be fully and widely accepted. That issue would need to be addressed from the outset in framing 
the question, the mechanism of funding, the selection of the researchers, the conduct of the study, and the 
interpretation, evaluation, and dissemination of results.  
 

For structural reasons, meeting the criteria above is problematic. One major problem is that the 
number of people available for the study may be too small to generate statistically meaningful results 
related to rare outcomes of greatest interest (such as kidney cancer). Historical contaminant-exposure 
estimates are difficult to construct and might be impossible to quantify with any confidence in the absence 
of contaminant measurements taken during the period of concern, no matter how elaborate the water 
models are. Many residents were exposed for relatively short periods; most lived in the affected areas for 
only a few years (2-3 years was typical for marines stationed at the base), and it is difficult to know what 
types of exposures they had before or after they lived at Camp Lejeune. We know that there were some 
highly contaminated wells for some periods, but their operations were cycled with those of 
uncontaminated wells, so exposure to water contaminants was intermittent and cannot be determined on 
an individual basis or for time frames of weeks as required to assess the occurrence of reproductive health 
end points. Even if all the information on the population, exposure, and health outcomes could be 
obtained, consideration should be given to whether the cost and time required to conduct more definitive 
studies justify the likely delay in or distraction from resolving the public-health concerns and the 
controversy that has developed around the issue. The costs and benefits of such efforts need to be 
reconciled. Finally, the longstanding controversy over this episode is apparent, and some question the 
objectivity of the Marine Corps in generating valid, objectively interpreted scientific data on the topic. 
Future research needs to be both scientifically informative and credible to the multiple target audiences. 

 
CONCLUSIONS AND RECOMMENDATIONS 

 
The scope of health outcomes addressed in completed and current studies of the Camp Lejeune 

population is limited and driven, to a large extent, by the types of diseases that are feasible to measure 
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with available surveillance data and a health survey. They are not necessarily the conditions or diseases 
that would be considered of highest priority on the basis of the committee’s review of the literature of 
epidemiology and toxicology. There are serious limitations in the quality of existing studies of the Camp 
Lejeune population. Consequently, those studies provide little information to assess directly whether the 
population exposed to water contaminants has suffered adverse health effects of them. Completion of the 
studies in progress will provide only a marginal improvement in understanding.  
 

Recommendations: 
 

 The planned reanalyses of the preterm-birth and fetal-growth study should be completed as soon 
as possible, taking advantage of the corrected exposure information that is available but not awaiting 
more extensive water modeling. Reanalyses should include development of a detailed written analysis 
plan (for example, Sheppard 2008). Careful attention should be paid to confounding, given the 
associations between residence and indicators of risk. Given the inherent limitations of birth-certificate 
data, sensitivity analyses to address gestational-age misclassification, subgroup analyses, and 
confounding should be incorporated. Finally, future reports should provide full details of the approach, 
results, and sensitivity analyses; the STROBE (strengthening the reporting of observational studies in 
epidemiology) guidelines (Vandenbroucke et al. 2007) would be suitable for such documentation. Despite 
the limited scientific benefit of this effort, the modest cost justifies its prompt completion. 

 The current case-control study of birth defects and childhood cancer should be completed, given 
the effort already invested, despite severely limited statistical power. The same recommendations noted 
for the study of preterm birth and fetal growth apply here as well, including careful planning of analytic 
methods and full documentation. Relative to the overall effort expended thus far, the committee 
recognizes the need for completion of this study.  
 

It could be argued that additional studies of the potential health effects from the historical 
contamination of drinking water at Camp Lejeune could help guide decisions on how to resolve the 
claims of former residents. Beyond its scientific merit, a more thorough evaluation of health patterns of 
former Camp Lejeune residents could be seen as providing a valuable public-health service in providing 
documentation of the experience of former residents and perhaps characterizing the population better. 
However, on the basis of what is known about the contamination of water supplies at Camp Lejeune; the 
size, age, and residential mobility of the residents; and the availability of records, the committee 
concludes that it would be extremely difficult to conduct direct epidemiologic studies of sufficient quality 
and scope to make a substantial contribution to resolving the health concerns of former Camp Lejeune 
residents. Conduct of research that is deficient in those respects not only would waste resources but has 
the potential to do harm by generating misleading results that erroneously implicate or exonerate the 
exposures of concern.  
 

Recommendations: 
 

 New studies should be undertaken only if their feasibility and promise of providing 
substantially improved knowledge on whether health effects have resulted from water exposure at Camp 
Lejeune are established in advance. 

 Decisions regarding the appropriate policy response to health concerns about exposure to 
contaminated water at Camp Lejeune should not be delayed or await the results of epidemiologic studies 
that are in progress or planned inasmuch as those studies are unlikely to  provide definitive information 
on potential health effects.  
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Appendix A 
 
 

Biographic Information on the Committee on 
Contaminated Drinking Water at Camp Lejeune 

 
David A. Savitz (Chair) is the Charles W. Bluhdorn Professor in the Department of Community and 
Preventive Medicine at the Mount Sinai School of Medicine. He also serves as director of the Disease 
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cancer epidemiology. Dr. Savitz was president of the Society for Epidemiologic Research and the Society 
for Pediatric and Perinatal Epidemiologic Research and was the North American regional councilor for 
the International Epidemiological Association. He has served on several Institute of Medicine (IOM) and 
National Research Council committees, including being chair of the Committee on Making Best Use of 
the Agent Orange Exposure Reconstruction Model. Past service includes the Committee on EPA’s 
Exposure and Human Health Reassessment of TCDD and Related Compounds and the Committee on 
Understanding Premature Birth and Assuring Health Outcomes. He serves on the Committee to 
Reexamine IOM Pregnancy Weight Guidelines. Dr. Savitz received his MS in preventive medicine from 
Ohio State University and his PhD in epidemiology from the University of Pittsburgh. He was elected to 
membership in IOM in 2007. 
 
Caroline L. Baier-Anderson is a health scientist with the Environmental Defense Fund and an assistant 
professor in the Department of Epidemiology and Preventive Medicine of the University of Maryland, 
Baltimore (UMB). Her research interests are in the use of science in risk assessment and environmental 
decision-making, exposure assessment, multistakeholder problem-solving for complex environmental 
issues, and risk communication. Past work has included providing technical outreach assistance to 
communities adjacent to hazardous-waste sites and working with the U.S. Environmental Protection 
Agency (EPA) and the U.S. Army on the cleanup of Superfund sites at Aberdeen Proving Ground. She 
has consulted on risk assessments of solvent-contaminated groundwater. Dr. Baier-Anderson received her 
PhD in toxicology from UMB. 
 
James V. Bruckner is a professor in the Department of Pharmaceutical and Biomedical Sciences of the 
University of Georgia College of Pharmacy. His research interests are in the pharmacokinetics and 
toxicologic and carcinogenic potential of volatile organic compounds, including trichloroethylene (TCE) 
and tetrachloroethylene. His current efforts are directed toward developing physiologically based 
pharmacokinetic models of TCE and its interactions with alcohol. Dr. Bruckner has served on several 
National Research Council committees, including the Committee on Acute Exposure Guideline Levels 
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MS from the University of Texas at Austin and his PhD in toxicology from the University of Michigan. 
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at the Pacific Northwest National Laboratory for 6 years and then as a senior lecturer in the Department of 
Environmental Engineering at the University of Western Australia for 3 years. His research interests are 
in modeling of water flow and reactive-contaminant transport in groundwater systems, bioremediation of 
contaminated aquifers, numerical modeling of environmental processes, water-quality modeling, and 
optimal design of treatment systems. He is a member of the Groundwater Quality Committee of the 
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Society of Toxicology. Her current consulting work includes a part-time position with Exponent as a 
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Study. Dr. Laden was a member of the Institute of Medicine Committee on Gulf War and Health: Review 
of the Medical Literature Relative to Gulf War Veterans’ Health. She received her MS in environmental 
health management and her ScD in epidemiology from the Harvard School of Public Health. 
 
Bruce P. Lanphear is a senior scientist at the Child & Family Research Institute and professor of 
Children's Environmental Health at Simon Fraser University, both in British Columbia, Canada. He is the 
principal investigator for a study of fetal and early-childhood exposure to prevalent environmental 
neurotoxins—including lead, alcohol, pesticides, mercury, polychlorinated biphenyls, and environmental 
tobacco smoke—funded by the National Institute of Environmental Health Sciences and the 
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particulate air cleaners to reduce asthma symptoms and lead-hazard controls to prevent childhood lead 
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leukemia, the epidemiology of myeloproliferative disorders, and methodologic issues in the design of 
epidemiologic studies. Dr. Ma received her MS from Shanghai Medical University and her PhD in 
epidemiology from the University of California, Berkeley. 
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panels the U.S. Environmental Protection Agency Clean Air Scientific Advisory Committee. Her 
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toxicologist and lecturer in the Department of Environmental Health Sciences of the School of Public 
Health of the University of California, Berkeley and was a National Institutes of Health visiting scientist 
to the Academy of Finland. She has served as president and member of the Executive Committee of the 
Genetic and Environmental Toxicology Association, on the Board of Councilors of the Environmental 
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of Governmental Industrial Hygienists Biological Exposure Indices Committee and the U.S. 
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Section. Dr. Yager was a member of the National Research Council Committee on Human Health Risks 
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Appendix B 
 
 

Participants at Public Sessions 

 
September 24, 2007, Washington, DC 
 
Persons who made formal presentations 

Major General (Select) Eugene G. Payne, Jr., Assistant Deputy Commandant Installations and Logistics 
(Facilities), Headquarters Marine Corps 

Kelly Dreyer, Headquarters Marine Corps 
Marcia Crosse, U.S. Government Accountability Office 
Frank Bove, Agency for Toxic Substances and Disease Registry 
Morris Maslia, Agency for Toxic Substances and Disease Registry 
Jerry Ensminger 
 
Persons who made comments at open-microphone session 

Jeff Byron, The Few, the Proud, the Forgotten 
 
Attendees 

Brynn Ashton, U.S. Marine Corps 
Cheryl Siegel Scott, U.S. Environmental Protection Agency 
Chris Rennix, Navy Environmental Health Center 
John Sludden 
Ken Stier 
Lita Hyland 
Marie Roda, Roda Creative 
Mary A Simmons, Navy Environmental Health Center 
Paul Dugard, HSIA 
Shannon Ensminger, Roda Creative 
Steve Risotto, HSIA 
Yvonne Walker, Navy Environmental Health Center 

 
November 15, 2007, Camp Lejeune, NC 
 
Persons who made formal presentations 

Mary Hill, U.S. Geological Survey 
Richard Clapp (via conference call) 
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Persons who made comments at open-microphone session 

Cindy Cribb, Private citizen 
Col. Michael E. Williams, USCG Training Center 
Curtisteen Hill, Private citizen 
Eli Sharpless 
Jeff Byron, The few, the proud, the forgotten (website coordinator) 
Jerry W. Townsend, retired 
Kris L. Thomas, Private citizen 
Marilyn Wallace, retired civilian 
Mary Walton Freshwater, USMC 
Nellie Bell, retired civilian 
Paula Lawrence, Dep 
Terry Dyer, the Stand 
 
Attendees 

Angelo Inglisa 
Ann G. Turner 
Betty Reed 
Brad I. Walker, Lighthouse Films 
Catherine Maria Keener, WHQR Public Radio 
Chelsea Donovan, WITN 
Clifton Jones, Jr.,  
David Steinberger, CBS news 
Erika Maureen DuChien 
Eugene Shelton, WCTI-TV 
Frances Midgett Hollowell 
Gareth J. McGrath, Wilmington Star-News 
James H. Middleton 
James Highsmith 
Jennifer Elise Hlad, Jacksonville Daily News 
Joy Barker 
Louise Jigettes  
Marilyn Mejarado  
Michael Sean Partain 
Mike Spencer, Wilmington Star-News 
Morris Levi Maslia, Agency for Toxic Substances and Disease Registry 
Rachel E Libert, Tied to the Tracks Films, Inc 
Reginald Huff, CBS news cameraman 
Robert Keven Thomas 
Sandra H. Bridges, CAP member for ASTSDR 
Steve Goyas 
Vianna Witcher  

 
September 12, 2008, Washington, DC 
 
Persons who made formal presentations 

Frank Bove, Agency for Toxic Substances and Disease Registry 
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Persons who made comments at open-microphone session 

Jeff Byron, The Few, the Proud, the Forgotten (website coordinator) 
 
Attendees 

Harold Graef, U.S. Marine Corps 
Mary Byron 
Mike Tencate, U.S. Marine Corps 
Scott Williams, U.S. Marine Corps 
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Appendix C 
 
 

Supplemental and Supporting Data for Chapter 2 
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WATER-SAMPLING DATA IN TABLES C-3 AND C4 
 

The committee reviewed Camp Lejeune water (CLW) documents for water-quality sample 
information relevant to Hadnot Point. The Marine Corps provided guidance on which CLW documents 
contained water-sampling data (Table C-2). CLW documents are publicly available from the Agency for 
Toxic Substances and Disease Registry (CD accompanying Maslia et al. 2007). They are indexed by the 
first page number of a file; often, specific information abstracted from the files by the committee came 
from later pages in files. The committee reviewed at least one CLW for each sample listed in the table, 
even if sample information was summarized in multiple CLWs. For each sample, the committee reviewed 
at least the primary CLW, defined as the original laboratory report of the water-sample analysis results. If 
the committee looked at other CLWs in addition to the primary laboratory report, they are listed in the 
“Secondary CLW” column. Additional review was most commonly needed to determine the field 
sampling date. 

Tables C-3 and C-4 summarize all samples abstracted by the committee for the Hadnot Point 
water-supply system. The universe of possible samples was restricted to those taken in the period from 
the earliest known water-sampling date in October 1980 through February 7, 1985. Because of removal of 
contaminated wells from the water-supply system, the committee believes that February 7, 1985, is the 
last date when samples were taken that would potentially reflect the contaminated water supply. All later 
samples were believed to have been taken after any measurable residual contamination would have 
remained in the water-supply system. Results of measurements in distinct samples were included in the 
table for each unique laboratory report. (See additional comments on this topic below.) There is a separate 
table of analytic results from mixed water samples taken from the water-distribution system (either before 
or after treatment; Table C-3) and a table of results from potable-water well samples (Table C-4). The two 
tables record concentrations of trichloroethylene (TCE), tetrachloroethylene (PCE), benzene, 1,1,1-
trichloroethane (TCA), 1,1-dichloroethylene (1,1-DCE), trans-1,2-dichloroethylene (1,2-DCE; this 
compound was assumed if only “DCE” was listed in primary or secondary CLWs), methylene chloride 
(MC), toluene, and vinyl chloride (VC). Units are micrograms per liter (parts per billion), and the 
concentrations that appear on the laboratory sheets are recorded directly in the table. “ND” means not 
detected and appears when it was recorded by the laboratory. Occasionally, a laboratory used other 
indications for “not detected,” such as “<1.0” or “<2.0”; in such cases, these values appear in the table. A 
dash, “—”, appears when the document format suggests that a compound was not analyzed for. When the 
primary laboratory sheet listed the method detection limit, this value was recorded in the “DL” column of 
the table. That column was left blank when the information was not explicitly available. Additional 
sample information is contained in the “sample date” and “sample location” columns. The sample date is 
intended to be the date on which the sample was collected in the field. Because many of the primary 
laboratory sheets list the date on which a sample was received by the laboratory, secondary information 
was needed to make a judgment about the field collection date. This is one example of when “secondary 
CLWs” were consulted. “Sample location” is a description of the base location where the sample was 
obtained. 

Separate samples were defined on the basis of the presence of a unique laboratory report, so there 
are distinct entries in the table for samples that were collected at the same location on the same day. The 
committee does not have information to determine definitively whether those are pure duplicates (one 
sample split into two vials for laboratory analysis) or separately collected samples. Regardless, 
measurements on samples collected at the same location on the same day are bound to be more similar 
than other samples because of their proximity in space and time. In particular, the data include a pair of 
measurements collected on the same day from well 651. It is unclear from the source documents whether 
those are measurements on a split sample or measurements on two samples collected on the same day. In 
addition, there are several instances of multiple samples from the same location in the mixed water 
samples; in these cases, the sample descriptions have minor distinctions (such as cold-water tap vs hot-
water tap or filter 1 vs filter 2) to suggest that the samples were not split. 
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Appendix D 
 
 
Review of Other Chemical Contaminants of Concern 

 
Chapter 2 identified seven contaminants of the water supply at Camp Lejeune that the committee 

judged as warranting further attention in addition to trichloroethylene and perchloroethylene: 1,2-
dichloroethylene (1,2-DCE; cis- and trans-forms), 1,1-dichloroethylene (1, 1-DCE), benzene, methylene 
chloride (MC), toluene, and vinyl chloride (VC). (Information about the detection of these chemicals is 
presented in Chapter 2 and Appendix C.) The committee used comprehensive reviews performed by other 
organizations and agencies to compile the following overview of the potential health effects of those 
contaminants. 
 
 

1,2-DICHLOROETHYLENE 
 

The health effects of 1,2-DCE were reviewed by ATSDR (1996). 1,2-DCE is used to produce 
solvents and in chemical mixtures. There are two forms (isomers) of 1,2-DCE: cis-1,2-DCE, and trans-
1,2-DCE. The two forms are sometimes present as a mixture. 1,2-DCE evaporates rapidly into air. Most 
1,2-DCE in the soil surface or bodies of water will evaporate into air, and it can travel through soil or 
dissolve in water in soil. It is possible that it can contaminate groundwater. There is a slight chance that 
1,2-DCE will break down into VC, which is believed to be more toxic than 1,2-DCE. One can be exposed 
by breathing 1,2-DCE that has leaked from hazardous-waste sites and landfills; by drinking contaminated 
tap water or breathing vapors from contaminated water while cooking, bathing, or washing dishes; by 
breathing it; by touching it; or by touching contaminated materials in the workplace. The most important 
effects of 1,2-DCE exposure are hematologic (such as a decrease in the number of red blood cells) and 
hepatic. Clinical symptoms that have been reported in humans exposed to 1,2-DCE at high concentration 
in air include nausea, drowsiness, fatigue, intracranial pressure, and ocular irritation. One fatality has been 
reported. No information is available on oral toxicity of 1,2-DCE in humans. No information is available 
on the relative toxicities of cis- and trans-1,2-DCE in humans. A variety of genotoxicity tests have been 
performed on 1,2-DCE. The predominant results are negative, and no carcinogenicity studies were found 
in the literature. EPA has determined that cis-1,2-DCE is not classifiable as to human carcinogenicity. No 
EPA cancer classification of trans-1,2-DCE is available. Specific effects of 1,2-DCE in animals are 
discussed below. 
 
 

Hepatic Toxicity 
 

Subchronic exposure to trans-1,2-DCE in drinking water (17-452 mg/kg per day) has caused 
biochemical changes in the livers of mice (Barnes et al. 1985). Both sexes had increased glucose 
concentrations, and females had decreased serum glutamic-pyruvic transaminase, serum glutamic-
oxaloacetic transaminase, and aniline hydroxylase activity at all doses. Males had significantly decreased 
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glutathione at the highest dose. In studies with rats, increased relative hepatic weights were observed with 
cis-1,2-DCE at 32 mg/kg per day and higher (McCauley et al. 1995). Variable changes in hepatic enzyme 
concentrations were seen, but no histopathologic lesions of the liver. A study of trans-1,2-DCE 
administered to rats in microcapsules for 14 weeks reported increased hepatic weights in females but not 
males at 395 mg/kg per day (NTP 2002c). No significant alterations in clinical-chemistry measures were 
found. 

In an inhalation study, fatty degeneration of liver lobules was observed in female rats exposed to 
trans-1,2-DCE at 200 ppm for 8 or 16 weeks (Freundt et al. 1977). 
 
 

Renal Toxicity 
 

There is little clinical or histologic evidence of renal toxicity in experimental studies of 1,2-DCE 
(ATSDR 1996). A recent 14-week study of trans-1,2-DCE reported significantly reduced absolute renal 
weights in male rats at 1,540 mg/kg per day (NTP 2002c) but no gross or microscopic lesions. 
 
 

Pulmonary Toxicity 
 

With the exception of some effects on the lungs after lethal doses of trans-1,2-DCE, experimental 
studies of DCE isomers have yielded little clinical or histologic evidence of pulmonary toxicity (ATSDR 
1996). 
 
 

Reproductive Toxicity 
 

One study of pregnant rats exposed by inhalation to trans-1,2-DCE at 6,000 or 12,000 ppm found 
a significant increase in the mean number of resorptions per litter (Hurtt et al. 1993), but the authors noted 
that the value was within the range of historical control values; maternal toxicity was observed. The 
National Toxicology Program (NTP 2002c) reported no significant changes in sperm motility or vaginal 
cytology in rats or mice fed microencapsulated trans-1,2-DCE at doses as high as 8,065 mg/kg per day 
for 14 weeks. 
 
 

Developmental Toxicity 
 

Hurtt et al. (1993) reported significantly reduced mean combined and female fetal weights in rats 
exposed to trans-1,2-DCE by inhalation during pregnancy at 12,000 ppm. The dams had frank maternal 
toxicity, as evidenced by reduced food consumption and reduced weight gain. 
 
 

Neurotoxicity 
 

Several studies have reported central nervous system (CNS) depression in rats after exposure to 
cis-1,2-DCE at 878 mg/kg per day (McCauley et al. 1995) or to either isomer of 1,2-DCE at lethal doses 
(Barnes et al. 1985; McCauley et al. 1995). After inhalation exposure, experimental animals have 
exhibited lethargy, behavioral changes, and other neurologic effects (ATSDR 1996), but the significance 
of the changes is unclear. A functional observational battery performed on mice and rats given 
microencapsulated trans-1,2-DCE in their feed at up to 8,065 mg/kg per day for 14 weeks found no 
evidence of CNS depression (NTP 2002c). 



Copyright © National Academy of Sciences. All rights reserved.

Contaminated Water Supplies at Camp Lejeune: Assessing Potential Health Effects
http://www.nap.edu/catalog/12618.html

Contaminated Water Supplies at Camp Lejeune—Assessing Potential Health Effects 

264 Prepublication Copy 

Immunotoxicity 
 

In studies of mice given trans-1,2-DCE orally at 224 mg/kg per day, an increase in  leukocyte 
counts and a decrease in relative thymus weight were found in females, but no changes in cell-mediated 
or humoral immunity were observed (Barnes et al. 1985; Shopp et al. 1985). However, in one study, male 
mice treated with trans-1,2-DCE at 17-387 mg/kg per day exhibited decreased spleen-cell production of 
antibody against sheep erythrocytes, which did not result in a functional effect on the humoral immune 
system (Shopp et al. 1985). An inhalation-exposure study of trans-1,2-DCE by Freundt et al. (1977) 
reported fatty degeneration of Kupffer cells, decreased leukocyte counts, and pulmonary infiltration at 
200 ppm and greater.  
 
 

Hematopoietic Toxicity 
 

Female rats exposed to cis-1,2-DCE exhibited decreased hemoglobin concentrations, red blood 
cell counts, and hematocrit values at 98 mg/kg per day for 90 days (McCauley et al. 1995) but not at 
lower doses, and no statistically significant effects were observed in male rats. Other studies have 
reported no hematologic effects in rats or mice after oral exposure to trans-1,2-DCE at up to 3,114 mg/kg 
per day for 90 days (Barnes et al. 1985; Hayes et al. 1987). 

In a more recent 14-week study, the NTP (2002c) reported mild decreases in hematocrit values, 
hemoglobin concentrations, and red blood cell counts in rats fed microcapsules containing trans-1,2-DCE 
at 380 mg/kg per day for males and 1,580 mg/kg per day for females. Mice similarly exposed did not 
have those changes. 
 
 

Genotoxicity 
 

Genotoxicity studies of 1,2-DCE have had predominantly negative results (ATSDR 1996; NTP 
2002c). Both isomers were negative in mutagenicity assays with bacteria and chromosomal-aberration 
tests with Chinese hamster cells. Mixed results have been reported with respect to chromosomal effects in 
mammalian systems (ATSDR 1996; NTP 2002c). Negative results were reported in a peripheral-blood 
micronucleus test performed with mice fed microencapsulated trans-1,2-DCE for 14 weeks (NTP 2002c). 
 
 

Cancer 
 

No cancer bioassays of either isomer of 1,2-DCE have been performed. 
 
 

1,1-DICHLOROETHYLENE 
 

The health effects of 1,1-DCE, also known as vinylidene chloride, were reviewed by the Agency 
for Toxic Substances and Disease Registry (ATSDR 1994), the International Agency for Research on 
Cancer (IARC 1999a), and the U.S. Environment Protection Agency (EPA 2002). 1,1-DCE is an 
industrial chemical not found naturally in the environment. It is used to make plastics (such as flexible 
films for wrapping food and packaging materials), to make flame-retardant coatings for fiber and carpet 
backings, and in piping, coating for steel pipes, and adhesives. 1,1-DCE evaporates quickly from water 
and soil, breaks down slowly in water, and is slowly transformed to other, less harmful chemicals in soil. 
One may be exposed to 1,1-DCE through employment in industries that make or use 1,1-DCE, through 
food that is wrapped in plastic that contains 1,1-DCE, through drinking water from the small percentage 
of supplies that contain 1,1-DCE, and through air near factories or hazardous-waste sites. It has been used 
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in the past as a gaseous anesthetic agent; its use as an anesthetic agent was discontinued after it was 
discovered that it induced cardiac arrhythmia at anesthetic doses. Inhalation of high concentrations of 1,1-
DCE is known to cause reversible nervous system impairment. Workers exposed to 1,1-DCE have 
reported a loss in hepatic function, but other chemicals were present. Specific effects of 1,1-DCE in 
animals are discussed briefly below. 
 
 

Hepatic Toxicity 
 

Acute doses of 1,1-DCE administered orally to rats at 25-100 mg/kg per day induced hepatic 
toxicity, including alterations in hepatic enzymes indicative of damage or dysfunction and histopathologic 
evidence of damage (ATSDR 1994). Gavage studies of more prolonged exposure to 1,1-DCE (13 weeks) 
reported hepatic necrosis in male mice exposed at 250 mg/kg per day and in female mice at 5 mg/kg per 
day (NTP 1982). Similarly exposed rats had chronic hepatic inflammation at a dose of 250 mg/kg per day. 
Drinking-water and feed studies have reported little or milder evidence of hepatic toxicity. For example, 
Quast et al. (1983) reported no histopathologic changes in the livers of dogs exposed to 1,1-DCE in 
drinking water at 25 mg/kg per day for 97 days. In 2-year exposure studies with rats, only mild 
hepatocellular changes were observed at doses of 6-30 mg/kg per day (Rampy et al. 1977; Quast et al. 
1983). 

Inhalation-exposure studies have reported similar evidence of hepatic toxicity in rats and mice 
(ATSDR 1994). After some of the longer exposures, changes observed at 25 ppm included cytoplasmic 
vacuolation (ATSDR 1994) and fatty infiltration of the liver (Quast et al. 1986), and at 125 ppm, 
centrilobular fatty degeneration and hepatic necrosis (ATSDR 1994). Food intake appears to affect the 
hepatic toxicity of 1,1-DCE: greater effects have been observed in fasted rats in both oral and inhalation 
studies (ATSDR 1994). 
 
 

Renal Toxicity 
 

Several types of renal effect have been reported in experimental animals exposed to 1,1-DCE 
orally and by inhalation. For example, single oral doses of 1,1-DCE at 200 mg/kg or greater caused 
histopathologic changes in the kidneys of rats (ATSDR 1994). However, no renal effects were observed 
in experimental animals exposed at 30 mg/kg per day or less in chronic-exposure studies (Rampy et al. 
1977; Quast et al. 1983). 

In acute-inhalation studies, renal effects have included enzyme changes, hemoglobinuria, 
increased kidney weight, and tubular swelling, degeneration, and necrosis at concentrations as low as 50 
ppm in rats and 10 ppm in mice (ATSDR 1994). In toxicity studies of longer duration (52 weeks), severe 
renal effects have been observed in mice at 10-25 ppm (Maltoni et al. 1985) but not in rats (Maltoni et al. 
1985; Quast et al. 1986). 

The renal toxicity of 1,1-DCE appears to be related to sex-specific expression of CYP2E1 in male 
mice (EPA 2002). One proposed mechanism of renal toxicity is the formation of cytotoxic intermediates 
from CYP2E1 activity in the kidneys. Another possible mechanism is the formation of S-conjugates that 
are metabolized by β-lyase in the proximal renal tubules and yield products that interact with 
macromolecules (ATSDR 1994; EPA 2002). 
 
 

Pulmonary Toxicity 
 

Acute inhalation exposure to 1,1-DCE has produced swelling, edema, and congestion of the lungs 
of rodents at 500-15,000 ppm and in some species at concentrations as low as 20 ppm (ATSDR 1994). 
One acute oral study of 1,1-DCE (100 mg/kg) found pulmonary injury in mice (Forkert and Reynolds 
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1982). Clara cells are especially targeted in the lungs of mice (Forkert et al. 1986). In longer-term 
inhalation-exposure studies, no histopathologic changes in the lungs or respiratory system were observed 
in several test species at 100 ppm (Prendergast et al. 1967; Quast et al. 1986). 
 
 

Reproductive Toxicity 
 

No evidence of reproductive toxicity was found in a three-generation study of rats exposed to 1,1-
DCE in drinking water at up to 200 ppm (Nitschke et al. 1983). Similarly, no effects were found in 
reproductive studies in male rats exposed to 1,1-DCE by inhalation at up to 50 ppm (Anderson et al. 
1977; ATSDR 1994). 
 
 

Developmental Toxicity 
 

Murray et al. (1979) studied the effects of inhaled 1,1-DCE on pregnant rats. Maternal and 
embryo toxicity was observed in rats exposed during gestation at 80 ppm or greater and in rabbits at 160 
ppm, but there was no evidence of teratogenicity in either species. A study of 1,1-DCE administered in 
the drinking water of pregnant rats at 200 ppm found no evidence of maternal or fetal toxicity or 
teratogenicity (Murray et al. 1979).  

In another study, 1,1-DCE was administered to rats in drinking water before mating and/or during 
gestation (Dawson et al. 1993). A significant increase in congenital cardiac malformations was observed 
in the fetuses of rats treated before mating and during gestation at a drinking-water concentration of 0.15 
or 100 ppm, but a dose-response relationship was not demonstrated. However, a three-generation study of 
rats exposed to 1,1-DCE in drinking water at up to 200 ppm did not find cardiac changes (Nitschke et al. 
1983). One study reported a significant increase in the mean number of mouse fetuses with an unossified 
incus and with incompletely ossified sternebrae at a drinking-water concentration of 15 ppm (EPA 2002). 
Other evidence of developmental toxicity was observed at higher concentrations, but frank maternal 
toxicity was also observed at those concentrations.  
 
 

Neurotoxicity 
 

Like other organic solvents, 1,1-DCE at high concentrations has a narcotic effect on experimental 
animals (ATSDR 1994). In general toxicology studies, there have been no reports of neurologic effects of 
1,1-DCE after oral or inhalation exposure, but these studies were not designed specifically to evaluate 
neurologic effects. 
 
 

Immunotoxicity 
 

Ban et al. (2003) exposed mice to 1,1-DCE by inhalation at 5-15 ppm and tested systemic and 
local immune response. IgM response in the lymph nodes to challenge with sheep red blood cells was 
increased, and the highest exposure provoked a similar response in the spleen. A significant increase in 
the release of interferon-gamma was found in lymph node cultures but the increase in spleen cell cultures 
was smaller. The investigators concluded that lung-associated lymph nodes could be sensitive targets for 
inhaled 1,1-DCE. 
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Hematopoietic Toxicity 
 

No significant hematologic changes have been reported in drinking-water studies of 1,1-DCE in 
dogs exposed at 25 mg/kg per day for 97 days (Quast et al. 1983) or in rats exposed at 30 mg/kg per day 
for 2 years (Rampy et al. 1977; Quast et al. 1983). No evidence of hematotoxicity was observed in 
inhalation studies with rats and mice exposed at 55-75 ppm for 1 year or more (Lee et al. 1977; Quast et 
al. 1986). 
 
 

Genotoxicity 
 

1,1-DCE has been shown to be mutagenic, to induce chromosomal aberrations and sister-
chromatid exchanges in vitro, and to cause DNA damage in vivo (ATSDR 1994; EPA 2002). In most 
cases, metabolic activation was required to produce the results. 
 
 

Cancer 
 

A number of chronic bioassays of oral and inhaled 1,1-DCE have been performed in rodents 
(ATSDR 1994; EPA 2002; Roberts et al. 2002). Only one inhalation study has shown evidence of 
carcinogenicity (Maltoni et al. 1985); male mice exposed at 25 ppm had an increased incidence of renal 
adenocarcinomas. IARC judges 1,1-DCE as not classifiable with respect to human carcinogenicity (IARC 
1987, 1999a). 
 
 

BENZENE 
 

Benzene, also known as benzol, has industrial and natural sources. First discovered and isolated 
from coal tar in the 1800s, benzene is made mostly from petroleum today and ranks in the top 20 in 
production volume among chemicals produced in the United States. Other sources of benzene include gas 
emissions from volcanoes, forest fires, gasoline, and cigarette smoke. Benzene is widely distributed in the 
environment, and low-level inhalation over long periods is of most concern. People employed in 
industries that make or use benzene or products that contain it are probably exposed to the highest 
concentrations of atmospheric benzene. People with benzene-contaminated tap water can be exposed 
from drinking the water or eating foods prepared with it; by inhalation during showering, bathing, and 
cooking; and through dermal contact during showering and bathing. 

Benzene is a well-studied chemical and has been the subject of several comprehensive reviews 
and risk assessments (IARC 1982, 1987; EPA 1998b, 2002; ATSDR 2007). It is well established in those 
reviews that benzene is associated with effects on the hematologic, immune, and nervous systems. 
Evidence of the effects is found in reports of controlled animal experiments (Gill et al. 1980; Rozen et al. 
1984; Cronkite et al. 1985, 1989; Rosenthal and Snyder 1985; Molnar et al. 1986) and in the 
epidemiologic literature, especially reports of occupational studies of benzene exposure (Srbova et al. 
1950; Yin et al. 1987a; Kraut et al. 1988; Rothman et al. 1996; Lan et al. 2004). 

There is agreement in the scientific community that benzene is a human carcinogen (IARC 1987; 
EPA 1998b; NTP 2005; ATSDR 2007). Inhalation studies of rodents show that benzene causes cancer in 
multiple tissues, and there is strong evidence of lymphoid tumors in mice (Snyder et al. 1980, 1984, 1988; 
Cronkite et al. 1984, 1985, 1989; Maltoni et al. 1989; Farris et al. 1993). Acute myelogenous leukemia is 
the predominant cancer found in humans exposed to benzene and has been documented in studies of 
workers exposed to benzene in rubber hydrochloride manufacturing plants (Rinsky et al. 1981, 1987) and 
in factories in China (Yin et al. 1987b, 1989, 1996; Hayes et al. 1996, 1997). Most epidemiologic studies 
have also found an increased risk of leukemia in general, total lymphatic and hematopoietic cancers, and 
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other specific types of leukemia, such as chronic lymphocytic leukemia (Savitz and Andrews 1997; NTP 
2005). The health effects of benzene were most recently reviewed by ATSDR (2007). The central 
conclusions of that review are summarized below. 

The carcinogenicity of benzene in exposed workers is well documented. Epidemiologic studies of 
occupational cohorts provide clear evidence of a causal relationship between occupational exposure to 
benzene and benzene-containing solvents and acute myelogenous leukemia. All leukemias and 
myelodysplastic syndromes have been linked to occupational exposure to benzene at high concentrations, 
and there appears to be a dose-response relationship. Other cancer outcomes associated with occupational 
exposure to benzene in some studies are non-Hodgkin lymphoma and multiple myeloma; however, these 
associations have not been consistently observed among studies.  

Benzene has been shown to have adverse hematologic and immunologic effects. All the major 
types of blood cells are susceptible (erythrocytes, leukocytes, and platelets). Severe toxicity may result in 
hypercellular bone marrow that exhibits ineffective hematopoiesis and pancytopenia (reduced numbers of 
all types of blood cells). Severe damage to the bone marrow involving cellular aplasia is known as 
aplastic anemia and can lead to leukemia. Early studies of benzene-exposed workers demonstrated that 
chronic exposure to benzene at air concentrations of 10 ppm or more had adverse hematologic effects, 
which increased in severity with increasing benzene concentration. More recent epidemiologic studies 
have observed hematologic effects (including significant reductions in the numbers of various types of 
blood cells) in workers chronically exposed to benzene at less than 10 ppm and even at 1 ppm or less. 
After inhalation exposure for intermediate and chronic durations, benzene has had adverse immunologic 
effects, including decreases in concentrations of antibodies and leukocytes in benzene-exposed workers. 

The current literature suggests that humans exposed to benzene in an occupational setting for 
acute, intermediate, or chronic durations by inhalation and orally are at risk for neurologic effects. 
However, benzene concentrations in ambient air, in drinking water, and at hazardous-waste sites are 
lower and not likely to be of concern. Limited information is available on other systemic effects in 
humans and is associated with high exposure. Respiratory effects, dermal effects (skin irritation and 
burns), ocular effects (irritation), and cardiovascular effects (particularly ventricular fibrillation) have 
been suggested after exposure to benzene vapors. Gastrointestinal effects have been noted after fatal 
inhalation exposure (congestive gastritis) or ingestion (toxic gastritis and pyloric stenosis). Reports of 
renal effects refer to renal congestion after fatal inhalation exposure. 

The evidence of effects of benzene exposure on human reproduction is not sufficient to 
demonstrate a causal association. Epidemiologic studies implicating benzene as a developmental toxicant 
have many limitations, and it is not possible to assess the effect of benzene on the human fetus. 
 
 

METHYLENE CHLORIDE 
 

MC is used in various industrial processes, including paint stripping, pharmaceutical 
manufacturing, paint-remover manufacturing, and metal cleaning and degreasing. It may also be found in 
some aerosol and pesticide products and is used in the manufacture of photographic film. MC is a toxic 
chemical that is known to cause death in humans at high doses (ATSDR 2000a). Human fatalities are 
most often associated with effects on the nervous system. In general, people can be exposed through air, 
water, food, or such products as paint thinner (ATSDR 2000a). ATSDR (2000a) reviewed the scientific 
literature for toxicologic profile. The Office of Environmental Health Hazard Assessment of the 
California Environmental Protection Agency also reviewed the available studies to develop a public-
health goal for MC in drinking water (CalEPA 2000b). 

In addition, three organizations reviewed the scientific literature to determine whether MC causes 
cancer. The NTP concluded that MC is “reasonably anticipated” to be a human carcinogen on the basis of 
evidence of carcinogenicity in mice. In 1999, IARC concluded that MC was “possibly carcinogenic to 
humans.” In 1991, EPA classified it as a “probable human carcinogen” on the basis of sufficient evidence 
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of hepatic and lung cancer and mammary tumors in experimental animals (EPA 1991). EPA announced 
that it had begun a reassessment of MC, but no findings have been posted.  

In 1992, EPA adopted a maximum contaminant level (MCL) in drinking water of 5 ppb and an 
MCL goal of 0 ppb, citing concerns about hepatic effects and cancer (EPA 2003). The MCLs reflected 
consideration of the potential for health effects and of the feasibility and cost of treatment technologies 
and so may not represent health-based standards. California adopted a public-health goal in drinking 
water of 4 ppb on the basis solely of health concerns. The California drinking-water standard, like the 
federal standard, is 5 ppb and was adopted in 1994 (CalEPA 2000b). 

IOM (2003) reviewed the human health effects of chronic exposure to MC, including results of 
several occupational studies, such as those of aircraft-maintenance workers (Blair et al. 1998), cellulose-
fiber production-plant workers (Lanes et al. 1993; Gibbs et al. 1996), photographic-film base-
manufacturing workers (Hearne and Pifer 1999), cellulose triacetate film workers (Tomenson et al. 1997), 
and lamp-manufacturing workers (Shannon et al. 1988). No consistent pattern of increased risk of any 
health effect was found. The present committee performed an updated literature review to identify new 
studies since the IOM (2003) review. No new studies in which exposure to MC could be specifically 
evaluated were found. IOM concluded that there was inadequate/insufficient evidence to determine 
whether there is an association between MC and cancer or neurologic, reproductive, developmental, or 
other health effects. The committee supports IOM’s conclusions. 

We also surveyed reports published since the earlier reviews were performed. Little testing has 
been done for additional health end points. Most of the published research focuses on the interpretation of 
data from studies in animals and addresses such issues as differences between mice and humans (e.g., 
Jonsson and Johanson 2001; Sherratt et al. 2002; Slikker et al. 2004), development of physiologically 
based pharmacokinetic models (e.g., Sweeney et al. 2004), and application of findings to cancer risk 
assessment (e.g., David et al. 2006; Marino et al. 2006; Starr et al. 2006). One study reported that 
ingestion of acetaminophen, a commonly used analgesic, increased the activation of MC in rats (Kim et 
al. 2007). With regard to additional studies of end points of concern, the committee found one new 
investigation of the immunotoxicity of MC, which is discussed below. 
 
 

Hepatic Toxicity 
 

Studies of animals exposed to MC in drinking water have reported effects on the liver. Kirschman 
et al. (1986) reported changes in hepatic cells (including centrilobular necrosis, granulomatous foci, and 
cytoplasmic eosinophilic bodies) in male rats after 90 days of exposure to MC in drinking water at 1,200 
mg/kg per day. Less serious effects were observed at the lowest dose, 166 mg/kg per day, in males and a 
slightly higher dose in females. MC was reported to alter the distribution of lipids among tissues. The 
study also reported changes in blood chemistry characteristics, such as fasting glucose, cholesterol, and 
triglyceride values, at all doses, at 1 and 3 mo. The same authors reported subtle centrilobular fatty 
changes in male B6C3F1 mice exposed for 90 days at 587 mg/kg per day.  

Serota et al. (1986a,b) reported hepatic changes, including cellular alterations in Fischer rats 
exposed to MC for 78-104 weeks at 55 mg/kg per day and increased hepatic fat in B6C3F1 mice exposed 
for 2 years at 236 mg/kg per day.  

EPA reported a NOAEL of 5.8 and 6.5 mg/kg per day for histologic alterations of the liver in 
male and female rats, respectively, exposed during a 2-year bioassay of exposure in drinking water (EPA 
1988). The lowest observed-adverse-effects levels (LOAELs) reported were 52.6 and 58 mg/kg per day in 
male and female rats, respectively (National Coffee Association [1982], as cited by EPA 1988). EPA used 
those values to set a reference dose for exposure in drinking water of 0.06 mg/kg per day. EPA has not set 
a reference dose for inhalation exposure.  

Kjellstrand et al. (1986) reported increased hepatic weight in mice exposed at 75 ppm for 90 days. 
No NOAEL was reported. Burek et al. (1984) reported hepatocellular vacuolization and multinucleated 
hepatocytes in Sprague-Dawley rats after exposure at 500 ppm for 2 years 5 days/week and 6 h/day but 
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did not report a NOAEL. Nitschke et al. (1988a,b) reported multinucleated hepatocytes in females of the 
same species after inhalation exposure at 200 ppm for the same duration, with a NOAEL of 50 ppm. 
Those data were used by ATSDR to derive a chronic inhalation minimal risk level of 0.3 ppm. In 2-year 
MC bioassays with rats, hepatocellular vacuolization and multinucleate hepatocytes were found at a 
concentration of 500 ppm (NTP 1986d; Nitschke et al. 1988a). NTP (1986d) also reported hepatic 
hemosiderosis, cytomegaly, necrosis, granulomatous inflammation, and bile duct fibrosis. 
 
 

Reproductive Toxicity 
 

The NTP (1986d) exposed mice and rats to MC by inhalation at up to 1,500 ppm for 2 years. 
Mice exhibited atrophy of the uterus, ovary, and testes. In a dominant lethal study, no microscopic effects 
on the testes were found in mice exposed to MC at vapor concentrations up to 200 ppm (Raje et al. 1988). 
In a two-generation reproductive-toxicity study, no effects on fertility, litter size, neonatal growth, or 
survival were found in rats exposed by inhalation at up to 1,500 ppm (Nitschke et al. 1988a). 
 
 

Developmental Toxicity 
 

Schwetz et al. (1975) reported an extra ossification in the sternum or delayed ossification of 
sternebrae in rats and mice exposed to MC by inhalation at 1,250 ppm. An increased incidence of dilated 
renal pelvis was also observed in rats. In another study, no teratogenic effects were reported after rats 
were exposed at 4,500 ppm before mating or during gestation (Hardin and Manson 1980), but a followup 
study of the offspring found alterations in rates of behavioral habituation to novel environments. Several 
other studies of exposure to MC during reproduction or development found no significant effects on 
survival, viability, growth, or development (ATSDR 2000a). 
 
 

Neurotoxicity 
 

Two studies reported neurologic effects. Briving et al. (1986b) reported alterations in the amino 
acids present in the brain in gerbils exposed by inhalation at 210 ppm for 3 mo. Rosengren et al. (1986b) 
reported decreased DNA concentrations in the hippocampus in Mongolian gerbils exposed by inhalation 
at 210 ppm for 7-16 weeks. Negative findings in some neurologic tests in rats after exposure at 2,000 ppm 
for 13 weeks have been reported (Mattsson et al. 1990). 
 
 

Immunotoxicity 
 

One study has looked at immune system effects. Warbrick et al. (2003) exposed Sprague-Dawley 
rats to MC by inhalation at 5,000 ppm by inhalation for 6 h/day 5 days/week for 28 days. Immune 
response was evaluated by the capacity of the rats to mount an antibody response to sheep red blood cells. 
The study reported that relative spleen weight was reduced in females but not in males. The authors 
reported no significant differences in antibody production between treated rats and controls. 
 
 

Hematologic Effects 
 

MC can contribute to an increase in concentrations of carbon monoxide in the blood, as first 
documented in a 1993 case report (ATSDR 2000a). That can cause hypoxia. Recent results suggest that 
the effect can be enhanced by coexposure to acetaminophen, a widely used medication (Kim et al. 2007). 
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The significance of the report for chronic exposure does not appear to have been assessed. Similar effects 
may be of concern in connection with other solvents that are metabolized through pathways similar to that 
of MC, including others included in this report. The issue may warrant additional attention. 
 
 

Genotoxicity 
 

Mixed results have been found in genotoxicity assays of MC. In vitro studies with human cells 
have reported that MC induced sister-chromatid exchanges, chromosomal breaks, and chromosomal loss, 
but studies with rodent cells have not. Single-strand breaks in DNA have been observed in studies with 
mammalian cells, but there has been no evidence of mutations (IARC 1999b). There is some evidence of 
tissue-specific genotoxic effects (Sasaki et al. 1998), which could be related to the differential expression 
of metabolizing enzymes.  
 
 

Cancer 
 

Three studies reported cancer in experimental animals after inhalation exposure. Mennear et al. 
(1988) exposed Fischer 344 rats to MC at 1,000-4,000 ppm 6 h/day 5 days/week for 102 weeks and 
reported an increase in mammary tumors in males at 4,000 ppm and in females at all doses. The NTP 
(1986d) reported the same results. That strain of rat is known to have a high background incidence of 
tumors. Nitschke et al. (1988b) exposed rats at lower doses (0, 50, 200, and 500 ppm) in another 2-year 
study and reported increases in numbers of tumors per animal in females in the 500-ppm group; no effects 
were reported in males. 

Mennear et al. (1988) exposed B6C3F1 mice to MC at 2,000 or 4,000 ppm 6 h/day 5 days/week 
for 102 weeks and reported increases in hepatic and lung tumors in mice exposed at 2,000 ppm or higher. 
The NTP (1986d) reported the same result. 

Maltoni et al. (1988b) reported a statistically significant increase in pulmonary tumors in male 
mice treated with MC by gavage at 500 mg/kg per day for 64 weeks. Supporting evidence of lung-tumor 
development in mice after inhalation exposure to MC is found in studies by Kari et al. (1993) and 
Maronpot et al. (1995). 

A 2-year drinking-water study with MC up to 250 mg/kg per day found an increase in the 
incidence of combined hepatocellular carcinomas and neoplastic nodules in female rats and male mice 
compared with concurrent controls (Serota et al. 1986a,b). However, the incidence was within the range 
for historical controls, and there was no dose-response relationship. 
 
 

Other Effects 
 

Other effects of MC reported in experimental animal studies include alterations in urinary pH and 
renal weights in rats and renal tubular changes in dogs, rats, and mice after inhalation exposure (ATSDR 
2000a; CalEPA 2000b). 
 
 

TOLUENE 
 

The health effects of toluene have recently been reviewed by ATSDR (2000b). This section will 
first summarize the central conclusions of the ATSDR review pertaining to human studies and then 
summarize the toxicologic evidence. The existing information on human health effects comes from 
studies of acute, intermediate, and chronic exposure primarily by inhalation. The nervous system appears 
to be particularly susceptible to the effects of toluene. Effects range from reversible acute effects (fatigue, 
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headaches, decrease in manual dexterity, and narcosis) to persistent neurologic impairment in people who 
abused solvents or inhaled toluene at high concentrations. Subtle alterations in neurologic functions 
(cognitive functions, hearing, and color discrimination) have been found in workers chronically exposed 
at lower concentrations. 

Animal and human evidence—alterations in concentrations of hormones (follicle-stimulating 
hormone, leutenizing hormone, and testosterone) and decreased sperm counts—suggests that toluene may 
have endocrine-disrupting effects in males and females. However, there are few epidemiologic studies of 
adverse reproductive effects in humans. Finnish studies of occupational toluene exposure of women or of 
wives of occupationally exposed men suggested an increased risk of miscarriage, but the studies had a 
number of limitations. There have been a series of case reports of birth defects in the offspring of women 
who intentionally inhaled large amounts of toluene or organic solvents during pregnancy. One small 
Finnish study reported that the opffspring of women occupationally exposed to a mixture of solvents had 
increases in CNS anomalies. 

The ATSDR review included 11 epidemiologic studies of toluene and cancer risk. In general, 
toluene was not associated with an increased risk of cancer at most sites. Three cohort studies included 
workers exposed to toluene. They suggested an association with several cancers—including lung cancer, 
gastric cancer, and colon cancer—but consistent patterns of association with measures of cumulative 
exposure were not found. Those and other studies also could not rule out confounding by other chemicals, 
such as benzene. 

With regard to other health effects, case reports of solvent abusers have shown some association 
with cardiac arrhythmia. Other health effects—hematologic, hepatic, or renal—have not been consistently 
reported. 

The toxicology, pharmacokinetics, epidemiology, and health risks associated with exposure have 
been well documented (EPA 1983a,b, 1990; IARC 1988, 1989; ATSDR 2000b; ACGIH 2007). Chronic 
exposure to toluene at 50-200 ppm in air can produce neurobehavioral impairments, including 
impairments in cognitive and neuromuscular performance, hearing, and color discrimination. At higher 
concentrations, exposure can produce CNS effects, including encephalopathy, headache, fatigue, 
impairment in coordination, transient memory loss, and impairment in reaction time. Evidence of those 
effects is found in reports of controlled animal experiments (Dyer et al. 1988; NTP 1990b; von Euler et al. 
1993, 2000; Mehta et al. 1998; ATSDR 2000b) and in the epidemiologic literature, especially reports of 
occupational studies of toluene (Iregren 1982; Orbaek and Nise 1989; Vrca et al. 1997a,b; Cavalleri et al. 
2000; Campagna et al. 2001; ACGIH 2007). Results of dosimetric studies of acute behavioral effects of 
toluene in rats have been used for quantitative comparison of the effects in humans (Benignus et al. 2007; 
Boyes et al. 2007; Bushnell et al. 2007). There is agreement in the scientific community that toluene is 
not carcinogenic at lifetime exposures up to 1,200 ppm (NTP 1990b; ATSDR 2000b; Huff 2003). 
Toluene has had negative results for mutagenicity in a number of test systems (Nestmann et al. 1980; 
McCarroll et al. 1981). Results of animal studies indicate that toluene is not a teratogenic agent but can 
retard fetal growth, skeletal development, and behavior of offspring at 1,500 ppm, at which maternal 
weight gain is also affected (Saillenfait et al. 2007). Another recent study of developmental and 
reproductive toxicity in rats indicated a NOAEL for maternal toxicity of 750 ppm and a LOAEL of 1,500 
ppm for maternal and developmental toxicity (Roberts et al. 2007). 

In summary, chronic inhalation exposure to toluene at 50-200 ppm can produce neurobehavioral 
impairment. Both maternal toxicity and developmental toxicity are observed at the relatively high 
exposure concentration of 1,500 ppm. Information from well-conducted studies indicates that toluene is 
not carcinogenic or mutagenic. 
 
 

VINYL CHLORIDE 
 

The health effects of VC have recently been reviewed by ATSDR (2006). VC is produced 
primarily (98% of total production) for use in the manufacture of polyvinyl chloride (PVC). PVC 
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materials are used in a variety of products, including automotive parts, packaging products, pipes, and 
construction material. Thehe primary route of exposure to VC is through ambient air around VC 
production facilities. It can also be present in groundwater or drinking water because of microbial 
degradation of other chlorinated solvents. However, its rapid volatilization decreases the probability of 
such exposure of the general population. 

The liver appears to be particularly susceptible to the effects of exposure to VC by inhalation. 
Hepatic damage—such as hepatomegaly, hyperplasia and hypertrophy of hepatocytes and sinusoidal 
cells, and cirrhosis (independent of alchohol consumption—has been observed. The association between 
VC and angiosarcoma of the liver (a very rare cancer in humans) has been demonstrated in numerous 
occupational and animal studies. Other cancer outcomes associated with VC exposure in some studies 
include hepatocellular carcinoma, cholangiocellular carcinoma, and cancers of the lung and respiratory 
tract, the lymphatic-hematopoietic system, and the CNS. However, those associations have not been 
consistent among studies. VC has been classified as “carcinogenic to humans” by IARC (1979, 1987), a 
“known human carcinogen by the inhalation route of exposure” by EPA (2000), and “known to be a 
human carcinogen” by the NTP (2005) on the basis of the findings of epidemiologic and animal studies. 
The key animal data and findings from those reviews are discussed briefly below and are updated with 
studies published since the reviews were performed. 

Additional outcomes have been assessed in epidemiologic studies of workers exposed to VC. 
Reversible CNS effects—such as dizziness, drowsiness, and headache—have been reported after acute 
inhalation of high concentrations of VC. Peripheral neuropathy has been reported in workers. Adverse 
respiratory effects have been observed in some studies but not others. Many of the studies may be 
confounded by smoking and exposure to PVC resin dust. Development of Raynaud phenomenon (a 
condition in which the fingers blanch and become numb with discomfort on exposure to cold) has been 
associated with current occupational exposure. A condition labeled vinyl chloride disease—consisting of 
Raynaud phenomenon, acroosteolysis, joint and muscle pain, enhanced collagen deposition, stiffness of 
the hands, and scleroderma-like skin changes—has been identified in some VC workers. In some cases, 
there has been a correlation with immunologic abnormalities. Occupational exposure to VC has also been 
implicated in alterations in the immune system, including increased percentages of lymphocytes and 
increased circulating immune complexes (for example, cryoglobulinemia). There is evidence of increased 
risk of hypertension associated with VC exposurebut no conclusive evidence of an association with 
coronary heart disease. 

Reproductive and developmental effects have also been observed. Case studies have reported 
sexual impotence and loss of libido in male workers. An increase in pre-eclampsia has been observed. 
Studies have reported an excess of fetal loss in wives of men exposed to VC. Increases in birth defects— 
including clubfoot and malformations of the CNS, upper alimentary tract, and genital organs—have been 
reported in populations exposed to emissions from PVC polymerization facilities.  

VC is considered a known human carcinogen mainly on the basis of the consistent observation of 
excess rates of angiosarcoma of the liver in workers exposed via inhalation. 

According to the review by ATSDR, there is limited/suggestive evidence of associations between 
VC and Raynaud phenomenon, scleroderma-like skin changes, and other immunologic effects. There is 
inadequate/insufficient evidence to support a conclusion about associations between chronic exposure to 
VC and reproductive and developmental effects. Specific health effects of VC in animals is discussed 
below. 
 
 

Hepatic Toxicity 
 

Hepatic lesions were found in rats exposed chronically to VC in their feed (1.3 mg/kg per day) 
(Feron et al. 1981; Til et al. 1991). The nonneoplastic lesions included hepatic-cell polymorphism and 
hepatic cysts. When exposed by inhalation, rats have developed hepatocellular degeneration, hepatic 
swelling with compression of sinusoids, altered enzyme activity, proliferation of reticulocytes, and 
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increased ratio of liver weight to bodyweight (EPA 2000; ATSDR 2006). Hepatic toxicity is thought to be 
due to the reactive metabolites of VC that bind to hepatic proteins, DNA, and RNA (ATSDR 2006). 
 
 

Renal Toxicity 
 

At high concentrations (300,000 ppm), VC caused renal congestion and degenerative changes. At 
lower concentrations (3,000 ppm) for longer durations, VC has been reported to increase ratios of renal 
weight to bodyweight, but this was an inconsistent finding (ATSDR 2006). 
 
 

Pulmonary Toxicity 
 

At high concentrations, VC is irritating to the respiratory tracts of experimental animals (ATSDR 
2006). Chronic-exposure studies have reported a slightly higher incidence of hyperplasia of the olfactory 
epithelium, increased cellularity of the interalveolar septa, and pulmonary hemorrhage in rats exposed at 
5,000 ppm (Feron and Kroes 1979). 
 
 

Reproductive Toxicity 
 

Some inhalation studies of VC have found effects on male reproduction in rats, including damage 
to the seminiferous tubules and spermatogenic epithelium, depletion of spermatocytes, disorders of 
spermatogenesis, and decreases in the ratio of pregnant to mated females at concentrations as low as 100 
ppm (Sokal et al. 1980; Bi et al. 1985). Other studies, including a two-generation toxicity study of rats 
exposed to VC at up to 1,100 ppm (Thornton et al. 2002), did not find such effects. Questions have been 
raised about the methodology of some studies that reported positive effects (ATSDR 2006). EPA (2000) 
identified the no-observed-adverse-effect level (NOAEL) for reproductive effects as over 1,100 ppm. 
 
 

Developmental Toxicity 
 

John et al. (1977, 1981) evaluated the effects of VC on the embryonal and fetal development of 
mice, rats, and rabbits. Developmental effects were found in mice after in utero exposure to VC. At an 
inhalation concentration of 500 ppm, the effects included increased fetotoxicity and fetal resorptions, 
decreased fetal bodyweight, smaller litters, and retarded cranial and sternal ossification. In rats exposed at 
higher concentrations, an increased incidence of dilated ureters was found in offspring. In both mice and 
rats, the effects on offspring were observed at concentrations that produced maternal toxicity, as 
evidenced by increased mortality, reduced bodyweight, and reduced absolute hepatic weight in the dams. 
No effects were found in rabbits. 

No embryo-fetal developmental toxicity was found in a two-generation reproductive-toxicity 
study of rats exposed to VC at inhalation concentrations up to 1,100 ppm (Thornton et al. 2002). 
 
 

Neurotoxicity 
 

Like other solvents, VC at high concentrations had neurotoxic effects, such as ataxia, 
unconsciousness, incoordination, and tremors. After chronic exposure by inhalation (30,000 ppm), rats 
had decreased responses to external stimuli, surrounding and infiltration of peripheral nerve ends with 
fibrous tissue, and brain lesions (CalEPA 2000a; ATSDR 2006). 
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Immunotoxicity 
 

A few studies have reported that VC has an immune-stimulating effect on mice and causes 
splenomegaly in them (ATSDR 2006). Stimulation of spontaneous lymphocyte transformation was 
observed after 2 weeks of exposure at 1,000 ppm and then after 4-8 weeks of exposure at concentrations 
as low as 10 ppm (Sharma and Gehring 1979). 
 
 

Genotoxicity 
 

VC is a well-established genotoxicant, having been investigated in a variety of test systems, 
including in vitro studies of bacteria, fungi, and mammalian cells and in vitro studies of rodents and 
humans (ATSDR 2006). It has been shown to be mutagenic, and its mutagenicity is enhanced with 
metabolic activation; this suggests that one of its metabolites is more mutagenic than VC (CalEPA 2000a; 
ATSDR 2006). 
 
 

Cancer 
 

VC has been shown to cause cancer in multiple organs and multiple species when inhaled or 
ingested (IARC 1979; EPA 2000; ATSDR 2006). The association between VC and hepatic 
angiosarcomas in the epidemiologic literature is supported by similar findings in mice (e.g., Drew et al. 
1983), rats (e.g., Feron et al. 1981; Maltoni et al. 1981; Drew et al. 1983; Bi et al. 1985), and hamsters 
(e.g., Drew et al. 1983). Tumors in rats were found after oral exposure at concentrations as low as 1.7 
mg/kg per day.  

Other cancers found in rats were Zymbal-gland tumors, mammary-gland tumors, neuroblastomas, 
and lung tumors (Feron et al. 1981; Maltoni et al. 1981; Drew et al. 1983; Til et al. 1991). Mice exposed 
by inhalation developed lung tumors, mammary-gland tumors, and angiosarcomas and adenocarcinomas 
in various sites (Drew et al. 1983). Hamsters also developed hemangiosarcomas, mammary-gland 
carcinomas, gastric adenocarcinomas, and skin carcinomas (Drew et al. 1983). Some studies have shown 
that younger rats are more susceptible to the carcinogenicity of VC (Drew et al. 1983; Maltoni and Cotti 
1988). 
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Appendix E 
 
 
Details of Epidemiologic Studies on Trichloroethylene 

and Perchloroethylene 
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